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ABSTRACT

19. Abstract (continued)

Probably the most striking results in this area concern IV-VI
semiconductors such as PbTe and SnTe, where we have originated the
concept of false valence: In on a Te site in SnTe is a (triple) acceptor and has
normal valence of -3 with respect to Te. But on a Te site in PbTe, in is a
(triple) donor with a false valence of +3 with respect to Te because an In d-ep
p-like one-electron level capable of trapping six electrons crosses the gap as x
decreases in Pbl-xSnxTe. This theory predicts that In is a donor in PbTe but an
acceptor in SnTe; it argues thatin IV-VI semiconductors impurities often
occupy the intuitively "wrong" site or antisite; it shows that the relevant In
occupies Te sites; it explains low doping efficiencies; and it shows promisc or
explaining solidus curves.

This work on InN illustrates how our theory can be useful for the
fabrication and doping of new electronic materials. The recent development
of high-mobility InN raises the possibility of making UV sensors and even
lasers out of this material. We have presented global predictions on the
behavior of s- and p-bonded deep levels in InN, Inl-xGaxN, and Inj-xA xN as a
means of guiding experiments aimed at doping these materials for use in UV
and glue-green optical devices.

This contribution to the theory of Schottky barriers by developing the
theory of defects at surfaces and at interfaces. Soon we shall publish the first
theory of scanning tunneling microscope images of surface antisite defects in
GaAs. This theory shows that unless the microscope bias is set correctly, an
antisite defect can appear to be the same as the atom it replaced! We have
also investigated the role of pistic flow in the formation of scanning
tunneling microscope tips by electrochemical etching.

This work has laid the foundation for treating degenerate Fermi gases
in alloys, and including multi-electron relaxation effects (i.e., infrared
divergence phenomena) in evaluation of their optical properties. While this
approach has a way to go before being easily implemented for realistic models,
it is far ahead of its main competitor, the renormalization group method.

The electronic properties of Gel-xSnx have been worked out, as a
guideline for experimental groups attempting to grow these interesting
materials. The physics of order-disorder transformations in metastable alloys
such as (GaAs)l-xGe2x has been elucidated (in collaboration with K. E.
Newman) and new materials, such as (InP)l-xGe2x, have been predicted as
likely to have interesting infrared properties. The relationships of random
alloys with partially ordered phases (e.g., zincblende, superlattice,
chalcopyrite, etc.) have been elucidated, and a basic quasi-equilibrium



approach to u.wderstanding their electronic, vibrational, and thermodynamic
properties has been developed.

This effort has produc2d the first comprehensive theory of deep levels
in [0011 and [111] ilI-V superlattices. This theory elucidated the various factors
affecting deep levels, sets forth the conditions for obtaining shallow-deep
transitions, and predicts that Si (a common donor making GaAs n-type)
becomes a deep trap in GaAs/A ×Gal-.As superlattices with thin quantum
wells. These results have bearing on HEMT structures.

We have developed the pseudo-function method of local-density
theory, including the spin-unrestricted version. We have treated the
hypothetical material MnTe with spin-unrestricted pseudo-function theory
and found an antiferromagnetic ground state and conduction bands that are
highly spin polarized. We have obtained the results of earlier theories by
restricting the amount of spin-polarization; hence we have ascribed the
differences between our results and earlier theories to inadequate basis sets of
the earlier theories. We are currently exploring applications of our methods
to other problems in magnetism, and have some optimism that our spin-
dependent pseudo-function approach may overcome the traditional problems
of the local-density theory of magnetic systems.

The pseudo-function method is computationally fast by local-density
standards, and we have used it to determine equilibrium surface relaxations
of semiconductors by minimizing the total energies if tY.e surfaces. We have
also looked at many possible oxygen adsorption sites on GaAs (G I ) to find the
ones with the lowest energy, in order to understan,J the oxidatio ?rocess.
The pseudo-function method gives the same answers to the clas.i' problems,
such as the bulk modulus of Si, as the other Fdc,_ssful implemer'.ations of
local density theory.

Acce.ion Fo.-

LF!C 1,3 r-
C"FLI

J A f.IQ

13y ... . ....... .......
0'.t .c : I

I__



OFFICE OF NAVAL RESEARCH

FINAL REPORT

for

Contract N00014-84-K-0352

Task No. NR 616-027

Theory of semiconducti. superlattices and microstructures

John D. Dow

Freimann Professor of Physics
Department of Physics

University of Notre Dame
Notre Dame, Indiana 46556

March 1, 1992

Reproduction in whole, or in part, is permitted for any purpose of the United
States Government.

* This document has been approved for public release and sale; its

distribution is unlimited.



page 2

THEORY OF SEMICONDUCTING SUPERIATTICES AND MICROSTRUCTURES

John D. Dow
Department of Physics

University of Notre Dame
Notre Dame, Indiana 46556

A. Impurity levels in bulk materials

One of the long-term interests of our group has been to understand
the deep level structures of impurities in semiconductors. We have
continued working in this area because the problems are interesting and
challenging, while often being well-suited to training graduate students.

1. IV-VI semiconductors

Probably the most striking results in this area concern IV-VI
semiconductors such as PbTe and SnTe, where we have originated the
concept of false valence: In on a Te site in SnTe is a (triple) acceptor
and ha" normal valence of -3 with respect to Te. But on a Te site in
PbTe, In is a (triple) donor with a false valence of +3 with respect to
Te becaise an In deep p-like one-electron level capable of trapping six
electrons crosses the gap as x decreases in PblxSnxTe. This theory
predicts that In is a donor in PbTe but an acceptor in SnTe; it argues
that in IV-VI semiconductors impurities often occupy the intuitively
"wrong" site or antisite; it shows that the relevant In occupies Te
sites; it explains low doping efficiencies; and it shows promise for
explaining solidus curves.

2. InN-related materials

Our work on InN illustrates how our theory can be useful for the
fabrication and doping ot' new electronic materials. The recent
development of high-mobility InN raises the possibility of making UV
sensors and even lasers out of this material. We have presented global
predictions on the behavior of s- and p-bonded deep levels in InN,
In1 xGaxN, and InI xAIxN as a means of guiding experiments aimed at
doping these materials for use in UV and blue-green optical devices.

3. Charge-state splittings and meso-bonding molecular defects

It has been our position for years that large self-consistent
pseudopotential calculations of deep levals are rarely necessary for
substitutional s- and p-bonded impurities in Si and III-V semiconductors.
This position, although opposed by significant segments of the
theoretical physics community, has been vindicated bv our self-consistent
calculations for S in Si.

A controversy about the character of the S2 substitutional molecular
defect in Si has been resolved in favor of a meso-bonding picture, based
on our self-consistent calculations of the charge-state splittings and
hyperfine tensor in this system.

4. Effects of hydrostatic pressure and uniaxial stress on deep levels
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We have shown that if both the energy of a deep level and its
(hydrostatic or uniaxial) pressure dependence are known, one can almost
uniquely determine the substitutional defect responsible. The
determination is often not unique, but reduces the candiaate s- and p-
bonded impurities to only a few.

B. Surface defects

We have contributed to the theory of Schottky barriers by developing;
the theory of defects at s-':faces and at interfaces. Soon we shall
publish the first theory of scanning tunneling microscope images of
surface antisite defects in GaAs. This theory shows that unless the
microscope bias is set correctly, an antisite defect can appear to be the
same as the atom it replaced! We have also investigated the role of
plastic flow in the formation of scanning tunneling microscope tips by
electrochemical etching.

C. Pseudo-function local-density theory

We have developed the pseudo-function method of local-density
theory, including the spin-unrestricted version. We have treated the
hypothetical material MnTe with spin-unrestricted pseudofunction theory
and found an antiferromagnetic ground state and conduction bands that are
highly spin polarized. We have obtained the results of earlier theories
by restricting the amount of spin-polarization; hence we have ascribed
the differences between our results and earlier theories to inadequate
basis sets of the earlier theories. We are currently exploring
applications of our methods to other problems in magnetism, and have some
optimism that our spin-dependent pseudo-function approach may overcome
the traditional problems of the local-density theory of magnetic systems.

The pseudo-function method is computationally fast by local-density
standards, and we have used it to determine equilibrium surface
relaxations of semiconductors by minimizing the total energies of the
surfaces. We have also looked at many possible oxygen adsorption sites on
GaAs (110) to find the ones with the lowest energy, in order to
understand the oxidation process. The pseudo-function method gives the
same answers to the classic problems, such as the bulk modulus of Si, as
the other successful implementations of local density theory.

D. Phonons in alloys

We have developed the theory of phonons in alloys and shown how to
treat correlated alloys by combining Ising Monte Carlo and Recursion
methods.

E. Heavily doped semiconductor alloyc

We have laid the foundation for treating degenerate Fermi gases in
alloys, and including multi-electron relaxation effects (i.e., infrared
divergence phenomena) in evaluation of their optical properties. While
our approach has a way to go before being easily implemented for
realistic models, it is far ahead of itz main competitor, the
renormalization group method.
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F. Metastable alloys

The electronic properties of GelxSn have been worked out, as a
guideline for experimental groups attempting to grow these interesting
materials. The physics of order-disorder transformations in metastable
alloys such as (GaAs)1 xGe2x has been elucidated (in collaboration with
K. E. Newman) and new materials, such as (InP)l1 xGe2x, have been
predicted as likely to have interesting infrared properties. The
relationships of random alloys with partially ordered phases (e.g.,
zincblende, superlattice, chalcopyrite, etc.) have been elucidated, and a
basic quasi-equilibrium approach to understanding their electronic,
vibrational, and thermodynamic properties has been developed.

G. Special points for superlattices

We have worked out the special points (for k-space sums) for [001]

and [111] superlattices, and have shown that by taking advantage of
hidden symmetries for certain superlattice period-ratios the number of
special points is comparable with the number needed to obtain
corresponding accuracy for bulk zincblende.

H. Structure-modulated superlattices

We have originated (we believe) the concept of a superlattice whose

adjacent layers are the same material but with different structures, and
contrasted this type of superlattice with conventional composition-
modulated superlattices. An example is a zincblende/wurtzite
superlattice which is lattice-matched, yet has very interesting topology.
We have calculated the electronic structures and deep levels in some such
superlattices.

I. Fanipi doping superlattices

We have developed the concept of false-valence doping nipi
superlattices. Such a superlattice could be formed by uniformly doping
PbTe/SnTe superlattices with In. The In is a donor in PbTe because of a
false valence. It is an acceptor in SnTe because of normal valence.
(The relevant In occupies a Te site.)

J. Deep levels in [001] and [111] superlattices

We have produced the first comprehensive theory of deep levels in
[001] and [111] III-V superlattices. This theory elucidates the various
factors affecting deep levels, sets forth the conditions for obtaining
shallow-deep transitions, and predicts that Si (a common donor making
GaAs n-type) becomes a deep trap in GaAs/AIxGal_xAs superlattices with
thin quantum wells. Thus the common n-type dopant becomes a deep trap in
ultra-small devices! These results have bearing on HEMT structures.

K. Effects of band offsets and applied pressure on deep levels in superlattices

Since band offsets are generally poorly known, except for
GaAs/A2xGal_xAs superlattices, we have explored the dependences of deep
level energies on the offsets -- and found them to be small. We have also
studied the pressure dependences of the electronic structures of and deep
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levels in superlattices.

L. Strain-induced Type II - Tp I transitions in ZnSe/ZnTe

We have shown that by suitably choosing the periods of ZnSe and ZnTe
in a ZnSe/ZnTe superlattice to obtain appropriate strain fields, it is
possible to drive the structure from Type II to Type I. This raises the
possibility of fabricating blue-green lasers from such superlattices --
if the doping problem can be solved.

14. Si-based luminescence

We have shown that with novel combinations of superlattice growth
direction (such as [111]), band-folding, superlattice periods, and
uniaxial stress, it is always possible to drive a Si/Ge superlattice
direct and make it capable of emitting lminescence. We have also
calculated dielectric functions of such microstructures to predict the
luminescent intensities.
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OFF~ or E MiA.s (1!0 SL;:%C7 EECRO.VC STATE
DIPRSO CRVES M: THE SUR~FACE RELxLYAION

David V~. Froelich, ?.aryr E. Lapeyre. and John Ea. tbw
n',artent of ?hysics, University of %ocre flame

:;otre Dame, Indiana '46556
and

Roland E.Allen
Department of ?hysics, Texas A&M University

College Station, Texas 77843

(Receii'ed 16 July !984)

The surface stare dispersion curves E(2) of the dangling bond states
near the fundamental hand gap, C3 and A5, are computed for both the
established 6=270 model and the recently zroposed 5=7O model of the
(110) surface relaxation of GaAs. where S is cte surface bond rotation
angle. The two models produce surfa-e sctr dispersion curves th at are

similar to one another and to the G.-a.

Until recently it was thought that the experimenral f,.atures [71 (Fig.!). However, we
geometrical structure of the (110) surface 3f now find qualjtnrively similar dispersion
GaAs was one of the few semiconductor surface relations EM~ for the relevant surface 3tares,
structures that was established. The iccepred for 6-00, 6-70, 140 and 270 (Fig. 1). Since the
imodel was the 270 rotation model [1,21: To a theory is cnly accurate to several te'nths of an
good approximation, the anions rotate rigidly ecV. iSj ..ear the valence band rmaximum, the
out of the surface through an angle of e=270. theoretical surface state disnersion curves do
This model was established as a result of not provide a means for discriminating with
careful analyses of low-energy electron confidence among the relaxation models. The
diffraction (LEED) data, and, in addition, theory does predict that %jr-Face states do fall
provided a way out of a theoreticai dile--a: in the fundamental bandi gap for the 70 model [I]
calculations o f GaAs surface states for (Fig. 2 [9i and Ref. [101): 0.1 eV below the
unrelaxed surfaces, 5-00, produced surface conduction band edge and (1. 1 e' above the
states in the fuidaimental band gap (contrary to valence band maximum -- but these energies are
data) that recedeoi into the valence and too small in comparison with the several tenths
conduction hars vten the 5=2 7r, relaxation was of an eV theotetical uncertainty to be
accounted for (3!1. convincing proof of the 270 model over the 70

Recertlv, however, Gihson and co-workers [4) model.
have uggested that a=70 nay be a more Hence we conclude that the agreement between
appropriate relaxation angle, based on analyses phocoemission data and the theory does not
of Rutherford back-scattering (RBS) cata. Dluke provide strong evidence for or against either
and co-workers have also presented analyses of the 6,70 model or the 5,270 model, The
LEET) data thnt indicate that a 70 rotation, established 6-270 model should be retaine, until
while not preferred, is acceptable [51. Gibson more conclusiv'e experimental evidence aga>'st it
et al. have stated, ho.ever, that their data is presented.
right be consistent with the 3=270 model, Finally, ,s we have been completing this
vrovided one allows for anonalously large manuscript, we have received a preprint from
surface phonon anoliti-des. Xailbiot, fluke and Chang [111, who have

iih LF.ED and RRS analyses producing anbiguous Independently been studying this problem using
interpretations of the datA, we t %ought. it might the sme Hamiltonian and cornrtiarahly. accurate
be useful to deternine if tre neasured surface thenretical techniques. Thney have : knd similar
state dispersion curves E(Z) (61, when compared results; however they interpret the.r, results as
w7ith theoretical predictions, nreferred either providing stronger support for the 6=270 model.
the -^70 model or the 8-270 nodel. Previous
calculations of FM as,.%ing the 0-27o nodel,
were in sufficiently good agreement with the cknowle,gments -- we are grateful to ti.e U.c.
data to afford e~planatinns of the principal Armyn 5c eirc office and trie Office of Naval

Research for their supoort (Contract N'os.
19'2 PACS Number: 68.20.+t; 73.20.-r DAAC-29-83-K-0122 and 0O-?*:l7)

07,19-6036i 85 010087 -03 '02 00.'0 1 9r',5Acacen iic Press I nc (London) Lorn"- e
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Fig. I1. Calculated surface state dispersion G. P. Williams, R. J. Smith and C. J. tLapeyre,
curves in the gap (solid lines) and resonant J. Vac. Sci. Technol. 13, 1249 (1978). The C3
with the bulk bands (dotted lines), assuming a state is not shown for-uI14 0 , because this sta
surface bond rotation angle of 0-00, 70, 140, lies too close to the 0-70 and 270 states. The
and 270 for the dangling bond (110) surface 270 results are the same ns those of Ref. (71.

states C3  and A5 of GaAs. lheavy solid lines The absolute uncertainty in the theoretical
represent the bulk band edges; the dashed line predictions is shown by the error bar at I
denotes the data of A. Huiser, J. van Laar and centered on the data.
T. L.. van Rooy, Phys. Lott. 65A, 337 (1978) and
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e
?ig. 2. Calculated energies of the dat,gling bond angle. The reisuts for the C3  state Are f ro'n
(110) surface States of GAAs (solid lines for Ref. (in). F v a nd F Are thje valence ind
bound states, dotted lines for resonances) ut r conduction band edges, 5enoted by he~x'y uid
t9j, as functions of the surfiecp bond rnt,,t!ori lines.
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Gc~e. SnTe. Pbe. PbSe, PbS. V;D THEIR . LLOYS

Craig S. Lent(a). narshall A. Boweni b. John D. Dow. and R.obert S. Allgaivr'c'
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and
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and
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The orthogonalized plane wav.e band structures of CeTe. 5nr h!Tc. PbSe.
and PbS are fi: with a nearest-neighbor. IS-orbital sp )-d iclacivistic
tight-binding model that exhibits cho'sical trends. 7he band gaps of
Pb,.,Sn.Te. Sn, ..Ge..'Te. and Gel .PbTe allovs rie o- .'-cted as functions
of comp~siti;ons k.'. Y, and z. to~ing of thle gap* s expected to be
substantial for, Gel.,Pb..Te, and either Sni...Ge Te or Gei1 z?b-Te should
exhibit a Dimmock reversal. Y

1. Introduction neighbor tight-binding model Hamiltonian. The
parameters of this model exhibit chemical trends

The rocksalt-structure IV-V! semiconcuctor and can be used to predict the electronic
compounds, such as PbTe, SnTe, GeTe, PbSe, and structures of alloys such as Pb 1...Sn,:Te.?bS all have small band Saps, high dielectric moreover, theories of defect energy levels and
constants, interesting def-ect levels, and a surface states in IV-VI's can be con. tructed
v.ariety of very unusual thermodynamic, using tnis simple Hamiltonian, as we shall
,ibrational, electronic, and infrared properties demonstrate in suasequent work.

*l] Exlotatonof these properties for the
farca~n of technologically important 2. Tighc-binding theory

cpt)o-eieczrcnic devices has oeen parzia llv
imecad oy an incomplete understanding of the The relativistic H.:atiltonian that produces che

intrinsic and extrinsic electronic state4 o. enerU. band structures has the form [2)
nsematerials. The IV-VI's nave attracted

r e Ia t %,Ay little theoretzal '; c-. .n i or, H - (p1 /2a-P) + V - Hs~oee. because their elcaronic band
Structures are complicated, having large + X272V82c2 . p4/83c2
relativ istic splittings. At first glance, it (1)
.ould appear that the electronic states of bulk where V is the crystal potential, the spin jrbic
cefects or surfaces of these miaterials can be interaction is

~nesodonly if one ex,!cumes a va'ry tedious, (W )/.c 2

relativistic theory. Hso - P0(Vp/
In th,.s paper, we show that the apparently and the remaining terms are the Darwi;n term's andcomplicated energy bands of the !V-Vl cc-pounds the relativistic mass correction term [3j.can be parameterized by a s =ple nearest. Employing the ;ceas of Slater and Koster [41,

Harrison !51, Chad; [6], and Vogl et al [7;. we
a) Permanent address,. Department of Elect.rical coustruct tne nearest-neighbor tignt-binding

and Computer Engineering, University of Hamiltonian:.
Nocre Darre, ::otre Dame, indiaa456 - a

t) Prmanent adcress: Department of Computer ' ~~ .E 5 aloR
Science, V.estern Z::inois UniV'-rSitV.
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TABLE I. Neatest-neighbor tight-binding parameters of GeTe,
SnTe, PbTe. PbSe. and PbS. as fit to the band structure of Herman
er al. '9]. in 4V. The column labelled GeTe* refers to
Dim oc--reversed G.Te with the valence (conduction) bpnd extremum
at L6 ' .L6 ). Vd.df, Vd, , and Vs. d are taken to be zero.

GeTe GeTe* SnTe PbTe PbSc PbS

Es.c -7.847 -7.992 -6.578 -7.612 -7.010 -6.546

Esa -10.974 -10.855 -12.067 -11.002 -13.712 -13.827

£p'c 1.454 1.657 1.659 3.195 4.201 3.486

Ep'a 0.444 0.250 -0.167 -0.237 -1.47S -1.153

Edc 9.08 9.08 8.38 7.73 8.72 9.27

Ed,a 25.85 26.75 7.73 7.73 11.95 10.38

0.505 0.577 0.592 1.500 1.693 1.559

Aa 0.447 0.351 0.564 0.428 0.121 -0.211

Vs s  -0.617 -0.631 -0.510 -0.474 -0.402 -0.364

Vs' p  0.877 0.788 0.949 0.705 0.929 0.936

VP' s  0.790 0.876 -0.198 0.633 0.159 0.186
V p 189 2.181 2.218 2.066 1.920 2.073

-0.478 -0.498 -0.446 -0.430 -0.356 -. 281

-1.14 -1.65 -1.11 -1.29 -1.590 -1.142

Vpo7 1.56 1.78 0.624 0.835 1.45 1.16

Vdp -1.55 -1.50 -1.67 -1.59 -1.09 -1.54

Vd,p 0.976 0.742 0.766 0.531 0.0497 0.517

Vdd -3.79 -3.87 -1.72 -1.35 -1.90 -1.67

Vdd6 0.887 0.892 0.618 0.668 0.692 0.659

Table II. Experimental values of the fundamental gap for GeTe,
SnTe, PbTe, PbSe, and PbS used in fitting the cight-binding
parameters of Table I (in eV).

GeTe SnTe PbTe PbSe PbS

r 0 .2a 0 .3b 0.186c  0 .1 65d 0 .28 6d-gap

1a) L. Esaki, J. Phvs. Soc. Japan, 1966, 21, 589 (Kyoto Conference
Supplement), mtasureme.n:. at 4.2

0
K.

[b) Ref. [10j, measurei.ents at 4.2°K.
Ic) Ref. [10j, measurements at 12

0
K.

[d] D. L. tchell, E. D. Palik, and J. N. Zemel, Proc. Seventh
Int. Conf. Phys. Semicond., 1964, p. 325 Z1964), meas%:.'- nts at
4.2

0 K.
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Reduced Wave Vector
Fig. 1. The energy baiad structure in eV of that the zero of energy is the valence band

PbTe, published by Hera' ec al. (9] (dashed) in maximum and that the fundamental band gap is at
comparison with the pres~nc work (solid). Note L.

where h.c. means Hermitian conjugate, R are the 3. Determination of the empirical
rock-salt lattice positions of the anion, i and Hamiltonian matrix elements
j are the basis orbicals for the cation and
anion respectively, o is the spin (up or down), The parameters of this model are listed in
a and c refer to the anion and cation Table I. They were obtained by fitting the
respectively, and J is the position of the eigenvalues of the matrix to the energy bands
cation relative to the anion in the R-th cell; d published by Herman et al. (9j (See Fig. 1).
- (aL/2)(l,O,O). The spin-orbit Hamiltonian is Analytic expressions for the eigenvalues at high

-- symmetry points were used to make an ±nitiai
-s " R,o,o,,i [lc,i,o.,>c~ccc;o<C,i,u',RII guess for the parameters. Then a least-squares

fit of the parameters to the calculated energy
a,o,o,j Ela,i~ ,o R'a a * <a, ', i . bands was perfored. Th symmery of he saes

(3) on either side of t . fundamental gap was also
We use nine orbitals per atom in our basis, included in the fitting procedure. This is

each with u and down spin:, s, p,(' PY' p.., necessary to assure the Dimmock reversal (101 in
d,2. ,2, d3z2 .r2, d., dr~, d~x. Because of the the ordering of bands that occurs in Pb1 ,xSnxTe

importance of -, d bands near the bottom of :e beween PbTe (ith a conduction band minir at

conduction band a.t the X point we found it L(" and valence band maximum at L6 )  and SnTe
necessary to include all fiv'e d bands n the (with the opposite ordering). The energy bands
model. This approach is to be preferre., over were fit to the values obtained by Herman et al.
that of Robertson [8J, which. included oniy two for waveveccors at the F, X, and L points of the
of the five d orbita~s. We did niuglect (i) the Srillouin :one; but Herman's conduction band
somewhat smeller couplings Vs do between the s e:ne~6 es at L were all shifted by the sae small
states and the d states and lii) Vdd, the amount in order to guarantee tnat t ,
if-type bonding between .A states, fundamental band gap agreed with experimert. The

The resalting 36x36 Hamiltonian matrix is resulting band structures are displayed tn Figs.
given in Appendix A. 1-5. The fit of the band structure of GeTe
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Scaling Relation for s - Leiels Scaling Relation for p Levels

1$.0 I 6

6.0

IL
OP 

PbS

.4.0

c 9.0PbTea

=PbS
o

PbSe SnTe

0 GeTe"
L 0 GeTe

. GeTe• 0 PbTe

0.0 -

0.0 .,0 4.0 6.0

.. Alnic p Energy Difrerence leVI

Fig. 7. The p.orbital energy differences in
Ainni s Energy Diffcre:i-e ie\') the solid, (Table 1) versus the p-orbital energy

differences in the atom (7].

Fig. 6. The s.orbital energy differences in

the solid, (Table I) versus the s-orbital energy
differences in the atom [7].

with the gap of PbTe: -he fundamental band gap
occurs with the conduction band minimum being

assumes a PbTe-lik ordering of the conducton the L point of the band structure, rather than
and valence bands: L.6 -  above L6 . The at the tht L6' poin. This phenomenon was
possibility exists, however, that GeTe's band elucidated by Dimmock e: al. 110) several years
structure is Dimock.reversed, as SnTe's is, ago, who poitzd out that a level.crossing
with L6

+ being the onduction band minima. We phenomenon oczurs with increasing x as :he
denote Dimmock.reversed GaTe by GeTe*, and band-gap of Pb,.Sn.Te decreases and atteepts :o
obtain for it the slightly different matrix become negative. Ue calculate tha: :he ;ap
elements lijed in Table I. vanishes at x-0.35, in good arreenent vih the

For :he parannters of the model, the experimental value.
differorees in the diagonal matrix eiements As a function of alloy copos!zion. :hib
E. ,r_s and Z Z.a are approximately Tiooc|: reversal in Pbm.xSnTe ust undo itself
proporonal to t t 4o esponding differences of in either Sn1 .Ce.,Te or*Ge PbTe. We predict
atomic energies. The Vogl constant of that the secondy DimMock reversal must occur
proportionality 0 17] is about 0.65 for the either near v - 0.6 in 5nl.vGev'e or ntar
s-state and 0.9 for the p-state. (See Figs. 6 z - 0.3 in Cc, .Pb.Te. In the !orber case. 0eTe
and 7.) 7hese proportionalities or scaling rules m-.st have the sa;e ordering of L6 bands as PbTe,
for the matrix elements of the empirical whereas in the latter case, GeTs has the
Hamiltonian allow the theory to mak:e sensible Sn~e-like GeTe electronic structure. (See Fig.
preeic~ions of chemical trends for intrinsic and 8.) The calculations also indic :e that one
extrinsic electronic states of different IV-VI snould expect considerable bowing in the
semiconductors, fundamcntal band gap versus alloy compoji::on

for Gel.,PbTe, in contrast to the l:.car
4. Applicatior to Alloys d isx .depenoence of tht zap for Pbl.xSnxTe, .:.is

striking predictioh of tne calculions is in
In :nis section we apply the theory to qualitative agreement v:th the measurevent' of

Pb.\Sne, Sn, _Ce Te and Cei.PbTe alloys Nikolic [11,12].
a"nua1o band gaps as runc:ions of Ve compute the fundamental band gaps of alloys

the coposi::ons x, y. and z, using Cne vir:ual such as Pbj.,Sne by diagonali:in :h.
crystal approximation. These ca:er-als are virtual-crysta, I13) e=pirical tirh.oindix..
subszitutional alloys miscible for all Hail:onian. The covalent radii o* ?I. and S.
composi::ons, differ by so ::tle (- 4%) and all of tn.
Pbl.xSnxTe is an interesting alloy because :he Hamilconian matrix elements of ?hTe and SnTe are

band gap of SnTe is "inverted" in comparison sufficiently similar that a virtual crystal
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Fundamental Gap vs. Alloy Composition

PbTe SnTe GeTe PbTe
0.6

.- 0.4
> pb,.X SnxTe Sn-Y Ge Te / ,;. ,

0.0 L +'""'"'':[6

'- -0.2
U
W -0.4 Ge,- PbzTe

-o sII I I

0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
x y z

Alloy Composition

PbTe SnTe GeTe* P bTe
0.6 1 1 1 1 1 & I

0.4 - (b ) *
> Pb,., Sn.Te Sn, y Gea Te* Pb Te

- 0.2 -

LA -0.4

-0.6 ! j
0.25 0.50 0.75 0.25 0.50 0.75 0.25. 0.50 0,75

x y Z

Alloy Composition

Fig. 8. The calculace . band gaps and LS* and z. The :ero of energy is :he L6' hand exzremu.
L6 " band edges. of Pbl ,SnTe. Sn1  Ge. Te, and The hatched area is :he sap. (W) For ordina;'%
Ce, .?bTe versus alloy compos±itons'. y, and GaTe; (b) .fz %-oc-.raver'ed C.aTaw (see :ex:).

approximation o the macrix elfmencs of adequate for reproducing chemical trends.
Pbl,,S.,Te is appropriate for staces near the including ;he ,%,a Ga: banc reversal phanorenon
fun &mental band gap t 5;: .,.e diagonal in ?b' .Sn.Te. Theraeore, ic shou'd provide a
Hamittonian matrix elements of Pbl.xSn.Te are saciszac:ory star:ng poin: for tenoraI ::eorLes
(l-x) times the PbTe elements plus x times :he of localized e'ec:ronic szac I.= :.. these
SnTe matrix elemencs (14). The off.-dLagonal very small band-gap materials. such as "deep
matrix elemencs. multiplied by the square of che craps- j15! or surface states. Subsequen: '-ok:
lactice constant (51, are s:nilarly averaged, will use chis .a .Llconian co s:uav a uzc.
using Vegard's Law for :he la:cice conscan:. The variety of proolems Involvlng t.ocalt:gd
band ec;es o F ig. 8 were e!gonvalues obtained elaccronic states in :.VV: sem conduccocs.
by diagonaliz-:ng chis Ham=.lconiA.n for A
"avevecor at the L.poinc of the SrLllou.n zone.
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APPENDIX A: The 36x36 Hamiltonian matrix where we have

The basis set for the 36x36 Hamiltonian is:, [ 0
Is,c,t>, Is,cS>, isa,t>. Is,a,4>, IpxC,>, "2gxVs'p

IPYc,>,, Pz > 
1  

ipy H3 - 022Vs,1
JPz,€,4>, px,a,t>, [Pv:,a,t>, lp,,a,?>, ""gV '

lpx,a,> Ip:,a,*>, Id1,€,T>, L 4' 1
3 V,0

ld2 ,c,t>, id3 .c,t>, jd:.ct>, IdS,,t>, P23Vsp

jdI,c,$>, Id2 cc4>, jd3.c,4>' Id4.c,4>, and
145.,,>, lc..a~t>, Id2,a,l', Id3,at

> , _

jd4.a,?>, Id5.a. >, Idl,a,4>, Id2 ,a-4>, 0 -2gVs p
Id3 ,a,&>, jd4 ,a,4>, and IdS.a=>.

where we have dj dx .y , d2  - d3z . 2 , d3-dxy, H4  - 02g2V 'p
d4-dy., and ds5 - X 0 -23V p

The Hamiltonian can be written in block fori Hpc is a 6x6 Hermitian matrix with all the
as follows (only the lower triangular part of diago elements equal to E Its other

SHamiltonian is given since it is Hermcian): non-zero matrix elements in the ?6er triangular

H 'i region are:
HS'

HH €P , H Ipxc,?> i Ac/2,

Hpc,s pcpc <p;,c, H Ip,,c.> - AC/2.
<pc.41 H IPvct> I 1c/ 2 ,
ppa,s Hpa.p pacpa x,,l H Jp.,c,t> .*c/2,
<pcc41 H Ip,.c.> - -iAc/ 2 ,

s 0 Hdc,pa Hdcdc and

0 Hda.pc 0 Hdadc Hdada <p C , H px,c.
4> - iAc/

2 ,

HIF 
Hpapa is a 6x6 Hermitian matrix of the same

s.s is a Hermi:ian 4x4 matrix which connects ' orm a s Hc pc'P but with the diagonal elements

s-szates to 3states: equal to EPa and the other non-zero elements as
abov with replaced with a.,

HpapC is a diagonal 6x6 matrix with,

<Yxa'tI H Ipx,c,t> -V

: s a a <PV.a.tI H Ip -ct> V.

S<p,a,t H Ip.,c,?> VH.,s  SoVs3 3 Es~ a  <p, 1 P ,,>-\

&OVs~ 0 Es ~ <p" , 41 H4 Np:,c,> \'
L <P :a.41 H Ip .C:4> -'

and Ppc,s can be written as: and

0 O H7 Vx.x- 2g&4V - 2(g5g 6) Vp.pfHpc.s 0 H2 .  , 2 g 5Vp p 2(g4+g6) \Vpp

wnere we have Vz~z 
2g6Vpp 2(gg 5) Vp

2VHdapc can be written in block form as-
H1  I-22VP's  0 [H 5  0

.263Vp s 0 lda.pc "10 H5
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where H5 is the 5x3 matrix. g5() - cos(k yaL/2).

.J3glVpd J3g2Vp,d 0 and

g6( ) - cos(V-.a ),
SlVp,d 92Vp,d "263'p,d /)

The parameters Vs s, V., and 'p d correspond

d 2glV 0 to the integrals ( so)l ,' sPc)1 , (pdo)1 in Ref.
[4]

0 .2g3Vp,d .2 92Vp,dr Hd c and Hd a are both lOxlO diagonal matrices
whose elements are Edc and Ed.a respectively

-2 53Vpdm 0-2ipd
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The doping characters of vacancit-s. thne existence of urt
resonances. Fermi-level saturation and de-saturation, the sensitivity of
the resonances to host chemistry * the- behavior of In as both a donor and
an acceptor in Pb SnTe. and -he occurrence of other 3pparentlY
anomalous '.alences ol impurities in: !V-VI scmiconductors are shown to be
simple and direct consequences of a covalenr !efect theory. with several
oif the imnportant defects necessarily Assignet! to "incorrect- or "Anzi -
sites..

In zhis paper we present a simple chemical ether Column-III impurities), can be donors in
theory ot s- and p-bonded substitutional point PbTe but acceptors in SnTe f 1.4]; (v Suggests
defects in PbTe and ?bi1 :.Sn.Tc which: 00) chat antisite defects and impuriti.es on the
Corroborates exverimental1 -idenc- fl] and the "incorrect" site are coimmon; and (vii) Shows why
predictions (of Pratt and Parada '2' (confirmed ?bTe. with its large dielectric constant (that
by Femstreet 13)) tha: cation vacancies are should almost fully screen Coulomb effects)
double acceptors while anion vacancies are nevertheless appears to support tdifferent ionic
double donors; (ii) N~aturally produces resonant valence states Of Vb: divalent Pb 2 + and
defect levels near the fundamental band Sap tetravalent ?b.
(-nearby resonances") that can limit, pin, or The central idea of the theory is that s- and
saturate the bulk Fermi energy so that increased p-bonded defects each produce one s-like and
doping beyond a critical value does not normally three p-like "deep" levels with energies in the
increase the Fermi energy (Experimentally this vicinity of the fundamental band -ap. These
Fermi-level saturation has been inferred from levels are absent: in the c onve ntcionalI
"1saturation anomalies" in the Hall coefficient. effective-mass picture of impurity levels.
the Shubnikov de Haas effect, and many other Consider a Cd impurity on a Pb site in' ?bTe. One
effects [1.41.); (iii) Also predicts resonant can imagine crea:ing this impurity in three
levels further away from the gap. termed steps: (i) add two holes to rbTe, to account for
"distant resonances" (e.g.. associated with the difference in the number of valence
Coliuan-I or -Il impurities [1.41) that can electrons between Cd and Pb; (ii) add two
de-saturate the Fermi level and overcome Lhe negative nuclear charges to the Pb nucleus on
saturation anomalies (as observed in in/I- and the impurity site, again to account for the
TI/Na-doped PbTe j1,4~.51); (iv) Explains why valence difference, and (iii) adjust the
defects in different: hosts have quite different potential in the impurity central-cell, so that
Fermi-level saturation energies [1,4]; (v) the Cd potential, not the Pb potential, is
Explains why some impurities. such as In (or present at the impurity site. (That is. turn on

the "defect potential" which repre-sents the
difference between the potentials ef r:I and Pb.)

(a) Permanent address: Department of Electrical The' first two steps are 1mpic. .'d in an
and Computer Engineering. Uni.-ersity of ordinary effective-mass theory * shallow
Notre Dame. Notre Dare, Indiania 46556. impurity levels [61, and do not proauce strong

(b) Permanent address Department of Computer impurity resonance levels. The Lhi-rd step. ite.,
Science. Western Illinois Universit.-. the introduction of the central-cell .;cfect
Macor'-,, Illinois 61455 potential, has two effects. (a) a slighL shift

(c) Present address. Thoodore Associates, Inc.. of the shallow impurity levelq ttie shift is
10510 Stredmv.-ew Court. Potomac, Maryland sirall because very little of the :iectlive-mass
200S4. WaVe-function lie-s within the cent-al-celll and

3i
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(b) the production of s- and p-like -deep- iecause Te Is s- a-.d p-bonded we can think of i
levels (often resonant) associated with the as having-va:!ous c=uriplecs of s and p -;. -els

- perturbed cbenical bonds between the impurity that are 'broad resonanccs - -- tt is. -t

and the host. flosc effective-sass -theories do various bands. Gne susch inulziplez: of san 7u
no include the effect (b). In ITV1V levels is the v-alence band. So we can chine -rf

semiconductors the s &tic dielectric constants the Te 'impualtv as having s ard pd-cep
are very large (4g - 105 In PbTe 111). and so all levels' that lie iesonaint with the, -alence bane.
of the Coulomb effects are almost fully -screened which ,is generally acknowtez -d to have
a&M negligible- Hence the dominant impurity primarily Te p-character with som-e s-characze:
effect in iV-Is is tt;%e-prodoction of energy 12.101. (Of course. the iix-fold degenerate"p
levels associated with the perturbed bonds, levels -are split by the spin-oxbiz ierac::on
Because the fundamental bard gaps of IV-VI into a four-fold degfntrai.e py2 level and! a
semiconductors are so small., most of those z:vo-fold degenerate pl 1 2 level, as shtwn in the
eneigy levels lMe outside the gap and are figures.)
resonant with either the valence or the Now Imagine cont~nuouslyi convert ing Te
coniduction band - - levels we term 'deep.' -cUC cess ively into the other Row-5 eltene-s Sb.
because they are due to the central-cell Sn. In. Cd. Rb; and a vacancy. Mloving to :he
potential (7.81. left in the Periodic Table corresponds rouZghLv

Tip understand the physics of these deep to all of the following equivalent operations-
* levels-. consider first neutral defects !191 on (I) increasing the atomic tergy levels of the-

the anion site of ?bTe (Fig. 1). Begin with the defect: (Mi increasing the strength of the
simplest defect. To. that is. no defect at all, deficz potential: and -.iii) decreasinS the

electronegativity of the defect. (A vacancy can.
be thought of as an atom with very large atoiic
energies - - so large that the "atom" is

PbTe Anion site Im~uritl Leel completely out of resonance with. and does not
couple-to, its neighbors i11).) Therefore as --e
moves to the left in the Periodic Table. thee
deep levels move up in energy. The deer,

AM6~& resonances also become narrower. as the defect
moves out of resonance with the host.

Pratt and Parada showed that the Te-vacancy.
0.which corresponds to "Column-zero' of the
0.5 Periodic Table and a strongly repuls~ve defect

I potential, has-its p-levels above the conduction
JC8 band edge. Thus. somewhere between the Te

?L 0.0 V8 "defect" (Coltmn-VI) and the vacancy (Col~n.O).
the p-levels of the valence band cross the gap

W into the conduction band. Our calcul~zions for
PbTe. which reproduce the well-accepted.0.5 Pratt-Parada result for the vacancy (also
obtained by Hemstreet) indicate that the
p-levels cross the gap near Co'unn-!Il. (Fig. 1).

________________________________ Similarly the s-levels cross into V'* conduction

VaRb Cd In Sn Sb Te i Xe band as well (again a feature of the

0 1 II Ill IV V VI ViI Vill peetcmuain IrteT-aac) wt
ourcalulaion. te cossngoccurs be:v.een
the acacy (olun-0)andColumn-!. oeta

Fig. 1. Predicted energy levels and their well-accepted Pratt-Parada theory of the
electronic occupancies for neutral anion-site vacancy. The only features of the results that
Rb-Row substitutional defects in PbTe. Va depend on the Row of the Periodic Table or on
denotes the anion vacancy, which can be thought any quantitative theoretical factor are the
of as originating from Column-O of the Period strengths of the defe~ct potential (or.
Table. The Columns of the Periodic Table label equivalently, the Columns of the Periodic Table)
the lower part of the figure. Typically the at which the s- and p-levels crosr the
levels are ordered with increasing energy: S, fundamental band gap.

P12 wd P3/2. Electrons in levels above the A similar analysis of the Pb-sirie b-gins with
conduction band minimum decay to the Fermi level the Pb "defect" on the Pb-site which has an
(which, for otherwise perfect PbTe is the s-level in the valence band and p-levels in the
conduction band minimum). Holes in the valence conduction band (Fig. 2): the conductior bandJ is
band bubble up to the Fermi level (valence band largely Pb p-like and the Pb s states lies in
maximum). Hence "T.1  is a double donor. the valence band 12,10). ilakinir, the defect more
Electrons (holes) are denoted by closec; circles electropositive (going from Colu~nn- W to
(open triangles). Electrons that originate from Column-O) drives these levels ui- in energy: until
higher levels appear at the top of the diagram eventually the s-level C-' .' ,cs into the
for I and Xe. The dotted lines between defect conduction band (between Co0: -n-0 and Column-I)
levels emphasize the chemical trends across the to form the dueD levels of 0. v:acan~cy. Malling
Row of the Periodic 7able. A level plotted off the defect electronegati-.e drives the levels
the scale is meant to suggest that s,.ch ai level down, so that the p-levels ulzimatcly cOrop ntco
exists outside the window of the diagram. rho' va!ence band For the N-hr'' v! :he Perl-dic
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PbTe C atinn Site Impurit levels Iidiun Impurity Level inPb S1xnTe-

o•$ F0.4

____ ____ ____ ____CB (1!

0. 0 0.2

m7 >

V C HgTI Pb Bi Po A* Rn ..
0 1 11 111 IV V VI ViI VHi

-0.40 1l

Fig. 2. Defect levels of cation-site 0.0 0.2 0.4 0.6 0.8 1.0
substitutional defects in PbTe for the Cs-Row. Alloy Composition x
Vc denotes a cation vacancy. PbTe SnTe

Table, our calculations indicate that the Fig. 3. Energies of the theoretical conduction

p-levels cross the gap co the right of band and valence band edges (hatched) and InTe
Column-VIIl. defect levels in PblxSnNTe versus alloy

The consequences of this simple picture of composition x, compared with the data (circles)

level movement with defect potential strength of Refs. (1] and [4).

are considerable. Consider first an "antisire"
In atom on a Te site. It produces a donor in
PbTe (121, with its "deep" p states forming a
nearby conduction-band resonance in both the The provocative suggestion that In (as well as
theory and the data (13). Furthermore the p Ga and Al) occupies a Te site when it produces a
states are split into a doublet of P3/2 and p1/2  resonance in the PbTe conduction band receives
levels by relativistic effects (14; such a support from the fact that Cd's tendency to be a
doublet has been observed for Ga [151. which is donor in PbTe is also incompatible with its
predicted to have a very similar level structure occupying a Pb site exclusively, as can be
to that of In (Fig. 1). The resonant In states demonstrated without a calculation: The p deer
lead to saturation of the Fermi energy: once the levels of Cd on the Pb site are unquestionably
concentration of free electrons is so high that resonant with the conduction band and Cd's deep
the Fermi energy coincides with the p-resonance, s level can conceivably lie either in the
the previously unstable resonance becomes a valence band, in the gap, or in the conduction
stable electronic state capable of holding six band. In any case, this level, which contains
electrons per In atom (three more than In itself two electrons for the corresponding Pb atom on
provides) and the Fermi energy cannot move the cation site, can be thought of as having
higher until these In resonant levels are those two electrons removed on account of the
completely filled by electrons from some other valence difference between Cd and Pb. If the
donor with a still higher resonance level, such level lies in the valence band [20). the two
as CdTe or iodine on either site (Figs. 1 and 2 holes bubble up to the valence band edge, making

[161). The energies of the p resonances with Cd a double acceptor. If the s-level lies in the
respect to the valence band edge are sensitive gap, Cd is a deep trap for two electrons. If the
to the host and appear to pass through the band s-level is above the conduction band edge, Cd is

gap into the valence band as a function of alloy electrically inactive: neither a donor nor an
composition x in PblxSnxTe (Fig. 3). Once the acceptor. In any case, Cd on a Pb site cannot be
levels are in the valence band and below the a donor. This result is independent of any
Ferni energy. In becomes an acceptor, as calculation.
observed [1,4.17). The levels resonant with the In our model, we calculate the Cd s-level to

conduction band of PbTe occur naturally in the lie in the valence band (similar to lig in Fig.
theory for the InTe defect, and appear to move 2), making Cd a double icceptor on the Pb site.
down through the gap as the Sn content of the Thus the observation of donor action as a result
host is increased -- in excellent agreement with of Cd doping indicates that Cd is not on its
the data [1,41 (Fig. 3). At the same time, the "normal" site and is compelling evidence that
PbI Sn.Te gap undergoes a Dimmock reversal either "antisite" Cd (on the Te sire) or
(1I191 Ve cannot explain these data for the In interstitial Cd [3) commonly occurs. One

resonance with "normal-site" In; with anctisite provocative consequence of the theory presented
In. the explat.ition is simple and natural, here is that "antLsite" impurities are
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relatively common and responsible for several of The theory makes the following predictions for
the striking experimental observations: for Te-site defects: Column-I and -II impurities on
example, the theory cannot explain the a Te site are abnormal single and double donors.
Fermi-level saturation data for In, Ga. or At respectively. Column-Ill impurities are mixed,
without assuming that those Impurities occupy Te with B a normal triple acceptor, and with At.
sites. Ca, and In abnormal triple 1121 donors. In all

The predicted electronic occupancies of the cases, the relevant P'/2 level lies near the
various levels (assuming otherwise perfect PbTe) band gap, in the valence band for B and in the
are also shown for neutral defects in Figs. 1 conduction, band for At, Ga, In. and TI.
and 2. They are obtained by adding electrons or According to the theory, Column-IV. -V, .VI,
holes to account for the valence difference -VII, and -VIII (except He (221) impurities are
between the impurity and the host atom It all normal on the anion site, producing double
replaces. For example, to simulate Cd on a Te acceptor, single acceptor, isoelectronic center,
site, one adds four holes to the p-levels. This sizigle donor, and double donor behavior.
leaves a doubly occupied p1 /2  level resonant On the cation-site the Pb vacancy is an
with the conduction band, which is unstable if abnormal double acceptor, while alkali
it lies above the Fermi level; hence the impurities and Column-II defects are normal
electrons in the CdTe Pl/ 2 defect level of triple and double acceptors. Columns II, IV,
otherwise perfect PbTe decay to the confjuction and V produce normal single acceptors.
band minimum, making Cd on the Te site a double isoelectronic centers, and single donors.
donor. Thus we suspect that "antisite" respectively -- except for N, which is predicted
Impurities are common in PbTe and other IV-VI to be a quintuple acceptor, and possibly C,
semiconductors and that significant which is predicted to have a deep P1/2 level
concentrations of Cd atoms on Te sites will be slightly above the conduction band edge (but, if
obserjed in EXAFS and magnetic resonance studies this level actually were to lie in the gap, it
of Cd in PbTe. would be capable of trapping two electrons) Two

Defects on the anion site, such as Cd, that po~sibilities are predicted for chalcogens on a
cause levels derived from the host Te atom to Pb site in PbTe: S, Se, Te, and Po should be
cross the fundamental band gap (20J exhibit normal double donors; but both the P3/2 and p162
"abnormal" doping behavior: they do not obey the levels lie below the valence band maximum for
usual valence rules of effective-mass theory. making it a quadruple acceptor. F is an abnormal
Therefore Cd is a double donor on the Te site, triple acceptor with all of its s- and p-l.vels
whereas effective-mass intuition would have in the valence band, while the theory places the
predicted it to be a quadruple acceptor. This Pl/2 level of C1 in the valence band, making C;
difference in predictions of six is due to the a single donor, and the P1/2 level of Br in 'Ie
fact that six spin-orbital levels have crossed band gap (a single donor and a deep hole trap)
the gap (201 during the conversion of Te into Cd I and At are normal triple donors. Thl
(Fig. I). In the case of the Te vacancy, which substitutional rare gas defects are generally
has six fewer electrons than Te, both the s and abnormal: double acceptors (Ne, Ar), deep p3jp
p levels of Te cross the gap, and six of the craps (Kr), or double donors (Xe). Rn is normal
eight electrons in those levels for Te are a quadruple acceptor.
removed to form the vacancy; the two remaining The theory in its present form ruke no
electrons decay to th ionduction band edge, predictions concerning the solu*'lity of
making the Te vacancy . ibnormal double donor, specific impurities at particular sites.

Such abnormal doping behavior commonly occurs Nevertheless, as we have shown, thL theory's
(theoretically) in IV-VI semiconductors for predictions of levels often can be reconciled
impurities that lie a few Columns distant in the with data only if the impurty occupies a
Periodic Table from the host atoms they replace, specific site. T e model is based on a simple
Therefore. if the apparent valence of an empirical sp3d tight-binding theory (101

impurity in a IV-VI semiconductor does not agree applied to IV-VI semiconductors following ideas
witih the expectations of effective-|-rss theory, of Vogl !231 and Hjalmarson 171 for III-V
one should first examine the possibilities that semiconductors. Charge-state splittings (which
the doping is abnormal (apparent valence should be negligible) and lattice relaxation
differing from the effective-mass values by two, (which may shift levels as much as tenths of an
four 121j, or six) or that the impurity Is on eV) have been omitted in order to display the
the "incorrect" or "anti" site. chemical trends of the defect levels simply aI!d
With a dielectric constant of c - 103, PbTe generally. The n del's predictions arc(

cannot support defects that arc strongly ionic remarkably insensltive to alterations of the
within the unit cell. Charged impurity states model, and will be compared with data in
can exist, but much of the charge will subsequent work.
necessarily lie in parts of the defect Acknowledgements -- .e thank the Office of
wave-function that are distant from the central Naval Research for their generous support of
cell. Therefore impurities are not properly this research (Contract No. NOOO14-84-K-0352).
viewed as being in ionic states and the oft.used One of us (R. S. A.) was supported in par: by
terminology that an impurity replaces either the Independent Research Fund of che Naval
divalent or tetravalent Pb is inappropriate Surface Weapons Center. Finally. we m'cst th;,nk
Invariably sua, terminology is used to explain G. B. Wright, whose enthusiasm for physics led
away abnormal doping behavior within an to our collaboration.
effective-mass picture: the deficient valence is
introduced to account for a state that has
crossed the gap.
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Semicond. 17, 1027 (1983)1. (19] By a Dhreanock reversal, we mean the valence

[61 W Kohn in SAWi State Physics (Academic band and conduction band edges of PbTe,
Press, New York) vol. 5. ed. F Seitz and D. which are at the L6 +and 1.6 points of the
Turnbull, p. 258 (1957). band structure, necome the conduction hand

(7] 1%. P Hjalmarson. P. Vogl, D. J. Wolford and and valence band edges, respectively of
J D. Dow, Phys. Rev. Lett. 44, 310 (1980), SnTe.
and to be published, See also 'J. %' 11su, .1 f20) We assume the Fermi level lies in the band
D. Do-w. D. J LVolford, and B C Strcctin, gap, for -he purposes of discussion
Phys Fey B 16, 1597 (1977). Strict.ly speaking, the normtal -abnormal

18, This definition supplants the pievious orn- transition occurs when impurity states cross
thait a deep level is one in the fundamevtcrl the Fermi level, which normally lies within
bard gap rare than 0 1 eV from the nearesit. the conduction band or valence band for a
band edge. IV-VI semiconductar in the excrnsic

[91 The charge-state splittings of thp defect temperatuire range.
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A classical-well or superlattice structure can enhance luminescence by impeding energy
transfer to killer centers.

In this paper we show that, under certain conditions. a superlattice structure
or a classical-well structure can enhance the low-temperature luminescence of a
material by impeding exciton transport to non-radiative killer centers [1.2.3].
(Wolford et al. have shown that alloy fluctuations have a similar effect on
energy transfer in the GaP: N system [31.)

The basic idea is that the superlattice or classical-well introduces barriers to
exciton migration in one of the three dimensions and therefore increases the
effective mean distance from the exciton to the nearest accessible non-radiative
recombination "killer" center (fig. 1). This exciton confinement effect reduces
the non-radiative recombination rate of excitons and therefore increases the
luminescent yield.

To see that such an effect must exist, consider a lattice with N traps
(non-radiative recombination centers) dispersed in three dimensions with den-
sity D- 3 (the mean distance between traps is of order D). Then consider a slice
of this lattice of thickness X , D. The mean distance between traps in this slice
is of order D(D/)"12 , larger by a factor (D/X)"2. As A becomes small in
comparison with D, the distance from an exciton to a non-radiative trap in the

* Permanent address
PACS Numbers: 78.55.Ds; 78.55.Kz

0022-2313/85/S03.30 © Elsevier Science Publishers B,V.
(North-Holland Physics Publishing Division)
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Accessible
kiIler EgOP

Fit. 1. A schematic one-electron diagram of a classical-well structure (energy versus position). The
large band-gap layers form the confinement well in the material of band gap EV An exciton
(propeller) diffuses (arrow) to the nearest accessible killer center (double lines) through othe,
impurity le~els (solid lines). Killer centers in the barrier are inaccessible either because the, ar%! too
far from the well for efficient tr..nsfer to them to be possible or because thc change (,I their
energies by the barrier renders them out of resonance [I] and impotent.

slice becomes large. so that -,n exciton confined to the slice can more easil\
rad;.ti\vely, decay before being trapped.

Stated more quantitativek. the probability that the nearest trap is a dista.,..e
r from the excilon in a threL-dimensional lattice is

p,,( r ) =4:-r xC( I ~x )'(" 4-,r2xC exp( -xCl')

where we have V = 4-r 313. C is the density of lattice points. xC is the density
of (randomly distributed) traps (xC = D- -). and we have assumed x <1. The
mean dtstance to the nearest imap is

R, = rp O(r)dr/jp. (r)d r

F (4/3) (4 7,xc/3)"'

where F( :) is the gamma function. For a thin slice X << (xC)t ' we have the
probability

p,( r) = 2ihrXxC(1, - x) M' = >riC exp( - A~XC.

and the mean distance to the nearest trap in the slice ts

R 1(3 /2) ( i-. LC t
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Here A is the area ,.r2. Thus we have

R, !R.. = [,r( )-l(-/6)' (.,'C) - " '2 cc ( DIX):

We have executed model calculations to illustrate the effect on the lumines-
cence of this change in effective nearest-trp-distance by the classical well. We
assume that excitons walk randomly on a lattice containing traps which are
distributed randomly. The jump time of the exciton between sites is a constant.
r,,,P; the exciton concentration is small: and the excitons initially are ran-
domly distributed on the lattice points. Excitons junp to nearest-neighbor sites
only (with equal probability); and. once trapped. never reappear. The effL.ct of
the superlattice or classical well is to confine the exciton to a slab: when an
exciton attempts to pa.,s through a slab boundary. it is perfectly reflected
(unless the confined slice is only one atomic layer thick. in which case the
exciton is only permitted to jump to one of ;ts four neighboring sites).

Our results, as obtained using Monte Carlo techniques [5-7] for 2000
excitons, are given in fig. 2 for a model in which we have ,,,, = 2 ps.
x = 10- '. and a radiative lifetime of r = I jis (8]. (The Monte Carlo calculation
has been checked by calculating the mean number of steps before trapping for
various analytically solvable [7] problems involving randoin walkers on latt ces
with traps [9].) Because we h;:-e r,,,,p << -. we first compute the number of
excitons remaining untrapped as.,uming no radiative transitions (r =c) and
then multiply this result by exp( - t/'-) to obtain a good approximation for the
luminescence intensity L(t), normalized to unity at t = 0. Note that confining

1.0

0.5- / 50L

o.oL

0.0 0.2 0.4 0.6 0.8 1.0

( 106 t / -r, )

Fig. 2. Luminescence Lit) versus time t in units of the jump time fojump. tar an exction confined to
a veil of thickness - at.. 5UL. 10a.. or =. where aL is the lattice constant. These cur.es were
calculated for 2000 random walter,, with . = 10- S. r - I F s. and fjn, - I ps-.
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wells of aL. 5aL. and l0aL.- where at. is the lattice constant. do enhance the
luminescence as expected: The total luminescent yields are enhanced by factors
of 2.34, 1.59. and 1.33, respectiv--ly.

The present work is meant to demonsbtrate the qt.,litative effect on luminos-
ity of exciton localization by superlattices or classical-well barno~rs. and hope-
fully will stimulate experiments to observe and quantitatively .eiemnstrate the
effect, which may have been present in the recent experiments of Petroff et al.
[10]. The principal limitation of the present work is our assumption that the
exciton is of zero radius and resides on a single lattice site at a time. This
implies that the present theory is likely to be quantitatively opplicable it, only
small-radius Frenkel excicons,'ind to organic classical wells or superlattices. In
semiconductors. excitons have large radii and. when confined in~ wells of less
than - 100 A width, exhibit quanturn-weii e,,ects not included in the present
model [11). Nevertheless if the transport to the non-radias ve killer center
proceeds -s a result of migratio)n of one carrier through succes'sive small-radius
deep-level states that have significantly different energies in the barrier thanl in
the well, the present model should apply semniquantitatively.
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Predictions are given for the chemical trends in Wi deep energy levels associated with 28 sp).
bonded substitutional defects, and 00i energies of lialmarson-Frenkel core excitons at the '100) sur-
face of Si, reconstructed accor-ding to Chadi's (2 X 1) asymmetric-dirner model. The predictions sug-
gest that P at tins surface should prodtve a deep level, and that the Hjaimarson.Frenkel surface core
exciton should have a binding energy that is strongly site dependent.

In this paper we report a semniquantctativ'e theory of de- method has been applied extensively ard successfully to
fects at the Sil00M-2X 1) surface with its outer layer defects at III.V0l 10) surfaces by Allen et al. 6 and has
reconstructed according to Chadi's asyminetric-dirner provided a inifiied explanation of observed Schotky bar-
model.' Our approach is to solve for the band-gap -.igen- rier 11eights.7 Details of the method and calculational pro-
values E of the secular equation, cedures are available elsewhere.&

det[ I-G,(E)V]=0 , The results of the calculation are predictions of deep

where G,(E) ;s the surface Green's function and V is the
defect potential of Hjalmarson et al.- Thus we follow AS S1 T1
the theory of bulk deep levels, 2 while evaluating G, usin.gp P' 0 R, H9
the theory of Allen, 4 evaiesent-wave techniques,! and the Aem,,irical tight-binding basis of VugI er al.3 A similarF 0 Ns R

* St

Top 10yef 1S t

0.8 OWN I S110

UP 2 C o) B L 
O N0 0

FIG. 1. Illustration of the geometrical structure of Chadi's 025-
asyrnmetric-dimer model for the Si(l00)-i2,< I) surf.1ce in the -171x~
approximation that only the first plane of atoms u--ergoes re- "x', 2\\

laxation. The surface is at the top o! .,% figure. r. cice0 '* '>< '\\

denote row, of atomns in t..e (001) suriace. %icwed a=6n twe 0(11 -30 2. 113tv
direction (referred to the usual face-centered-cubic bulk Oirec- e

tions' The rows o" atoms in the top layer are displaced from FIG. 2. Predicted deep energy levels for substitutionai defects
thet: _nreconr:-ruc~cd positions (dashed circles) to the open- at the up site of th.- Si(100)-(2 X 1) surfac,. reconstructed accord-
circle positions. The displacements of the surface atomi crm- ing to Chaoi's as%:nrn etnL-dimer model, rsus defect potential
played for the present work are denoted ) arrows The V, The relevant defects appear at mne t, )f the Igure at the~ir
second-layer rows of atoms arc d'enoted by shaded circies The values of V '. The shade,. area aenotes the calculated surface-
plane of the up-i and down- I atomps in the plant. of the pap~r state ban", (which ire kn wn expen-. cniaa to 1- 20.5 eV
lies below the corresponding up-2 and down-2 plane b% a per- lo%%er thar 'he calculation predicts") The qualitattne features
pendicular .. istance V 4 Tie u?-1l to i.p 2 distance is ot the calculition and chemical trencs of the theory are impor-
V 3aL /4, where aL is the lattice cor~tant. tant ard meaningful re,. 2 ts.
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FIG. 3. Deep levels at the down site of the SiMl0)-2~ xI) sur. FIG. 5. Deep levels for defects at the down site of the second
face. layer from the Si(l 00M-2 X 1) surface.

trap energies E versus defect potential Y. V is actually a A majlor result is that the "deep" defect levels for atoms
diagonal matrix in the local sp3s* basis, centered on the at the "up" and "down" sites and in the second and first
defect site V=( Vie Ves V,.V,,O); in order to present results lay m.00 are different. This is shown explicitly in Figs. 6
as a function of a single parameter Vie we use the rule and 7 for the P substitutional impurity itnd Si vacancy

-p 0.511i. Figure I shows the asymmetric-dimer model (which corresponds to V,- c I, respectively. (Consider
reconstruction;, Figs. 2-5 show the predicted defect levels only the qualitative aspects of the predictions, do not tatke
for atoms at the "up" and "down" sites of the first and the precise energy levels literally; the ex~pected unc~ertainty
second layers of the asymmetric-dimer reconstructed sur- is =±+0.5 eV.iii2
face (see Fig. 1).

Si100H 2 XI) P or exciton

AS Si TI E

E BiPllN

10 (100 V 0.I

Up Sae
SeconJ Layer

0.25
E

Layer La-et Lcyer
I ? Go

0 25r FIG. 6. The predicted energy levels within the stir" e band
I' _ / . AE gap for ubsowzutonai P or a lijaimaison-Frenkel core exciton

"'N'(Ref. 13), P's a function of layer number (oo means huilkx. The

0 E ,.,, ~ first- and second-layer deep levels all coalesce into a deep
-30 -20 .10 . e)0 t0 0W resonant level in the bulk. Closed iop.n) circleq denote electron-

V~ ~VJic (hole) occupation of the neutral defect levelb Sites are Jenot-
FIG 4 Deep le% Js for defects at the up s.%. of the setcnd ed, e.g., domr. 2 mieaning the .econd-la>t:. ite beneath the'

layer from the Si(1001-2x I) surface. dohn.! site
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Si (100){ 2 X I Vacancy with apparent binding energies relative to the
E, conduction-band edge, ranging from ---0.2 eV on the up

Z 'site of the first layer to more than half the band gap

1.00 3 (=0.8 eV) on the down site. The importa',t point s not
EC the absolute values of the predicted binding energies

, -- "o..2 "(which have signi.cant theoretical uncertainties 2 ) )ut

o.75L '- that the var:.,tion of binding energy from sitc- to site can
-~ I *. . be large.I " ,, It is possible t.t this dramatic site dependence of the

W 0.50 99 - -- -ee- Si surface core-exciton binding eni:rgy has been observed,
- - although recognized as such. Several atthors have re-

ported wiL.uV different Si 2p core-excitoai binding ener-

0.25 o. , i,"4 from 0.1 to 0.9 eV, with some speculation that the
" - -proximity )f the core exciton to' the surface affects the

N binding energy. This variation is comparable with what

0 . we predict, 0.2-0.8 eV. Perhaps these diverse .,penmen-
Layer Layer Layer t.ti rsults can be understood as due to experiments sensi-

2 ,o tive to core excitons at different sites.

FIG. 7. The vacancy levels predicted to lie in the gap for the This site-dependence occurs in part because electronic
Si(100)-(2X 1) surface as a function of layer number (co means charge transfers from the down layers to the up layers at
bulk). Electronic (hole) occupation is denoted by closed (open) the surface. Thus the up site is a peudo-anion site and
circles. The first- and econd-layer levels all coalesce into the the down site is a pseudo-cation at this surface. Chemi-
bulk T2 vacancy deep level (Ref. 2), which, when neutral, con- cally, the down site becomes more sp2-bonded and the up
tains two electrons and four holes. site becomes more p backbonded. 15 The down cation site

exhibits the larger exciton binding energy, as expected: In
III-V semiconductors cation core excitons generally have

Almost all impurities will produce at least one deep 1ev- larger binding energies than anion exciton. This is be-
el in the gap for one of the four sites near the surface. In cause the conduction-band states are cationlike, whereas
particular, the bulk shallow dopants P [Fig. 6 (Ref. 13)] the valence-band states are anionlike. This trend of the
and As, when near or at the surface, are prec.icted to yield cation-site levels l.ing below the corresponding anion-site
deep levels in the gap. Hence, the Si(lC0)-(2X 1) levels holds for the surface vacancies as well as for P or
asymmetric-dimer urface of '.eavily doped Si should the core exciton.
have many extrinsic surface states, with the number being The present results illuminate the nchness of the spec-
roughly proportional to the surface concentration of tra of surface impurities. At the present, however, there
dopants. are few data for the energy levels of known surface im-

At the surface. P produces levels near both the middle purities; we hope that the present work will stimulate
and the top of the fundamental band gap of Si-a striking more e-xperiments in this direction and provide a guide for
prediction that may have direct bearing on ihe Si 2p elucidating the chemical trends in data.
"core-ext.iton anomaly"-that the observed binding ener-
gy of the Si 2p core exciton api~ears to be considerably
larger than predicted by shailow-impurity theory.' 4 In- ACKNOWLEDGMENTS
sofar as a 2p core hole has a, charge distmbution similar to
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1D. 1. Chadi. Phvs Rev Lett 43, 43 11979); J. Vac. Sci. Tech- L625 (1981); R. E. Allen and J. D. Dow, AppI. Surf. Sci.
nol. 16. 12901979) 11/12, 362 '1982); R E. A!en, H. P Hjalmarson, and J. D.

211. P -Ijaimarson. P Vogi. D. J. Wolford, and J. D Dow, Dow, Solid State Comnun. 41, 419 (1982)
Phys Rev 1,:!t -14, 310 11980). 'R E. Allen and J D Dow, Phys. Rev B 25 1423 k1982), J D.

3p Vogl. H. P 1-'idrnarson, and J D Dow, J Phs. Chem. Dow and R E. Allen, J Vac. Sci. Technol. 20, 659 (1982)
Soics 44, 365 11H83) SM. A. Bowen, an unpublished FORTRAN program for calcu-

"R E. Aien, Phys Rev B 20, 1454 1979) lating deep levels at Si)100) surfaces, 1983; av,a*ble from the
5Y C Chang and I N Schulman, Phys Rev B 25, 3975 Western Illinois Physical Sciences Reading Room, Western II-

i19S2 , 26. 4400119821 inois Uinversit,, Macomb, Illinois 61455
'R E Allen. -i P Hialmar',on, and J D Dow, Surf Sci 110, 'H P Hjalmarson unpuohshed) The rule V,:-::0 5, perrits



4620 BOWEN, ALLEN, AND DOW 30

us to display the calculated results as a function of the single 12The theoretical uncertainty of an individual level is of order
parameter V,, and therefore to comprehend the global chemi- 0.5 eV, and so the precise values of the binding energies
cal trends in defect levels more easily. For a prescription for should not be overinterpreted. The rciative positions of the
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feet from the curves of Figs. 2-5, without making the ap- qualitative predictions of the theory are reliable.
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I. Introduction

In the bulk of-a tetrahedral semiconductor, a single substitutional s-p

bonded impurity or vacancy will ordinarily produce four "deep" levels with

energies near the fundamental band gap: one s-l-ke (Al) and three p-like (T 2 )

[1J. These deep levels may lie within the fundamental band gap, in which case

they are conventional deep levels, or they may lie within either the

conduction or the valence band as "deep resonances." A sheet of N vacancies

will produce 41. such deep levels - namely, the intrinsic surface state energy

bands, which may or may not overlap the fundamental gap (to a good

approximation, insertion of a sheet of vacancies is equivalent to creating a

surface).

intrinsic surface states have common underlying physics with deep

i-purities because they too result from localized perturbations of a

semiconductor [2:, and so their energies can be relatively easily predicted by

ex:ending to surfaces ideas developed by Hjalmarson, Vogl, Wolford, et al. [1]

for the deep impurity problem. This has been done by several authors

[3][41!5'[61[7][8]H9][1011[12], most notably by Allen and co-workers

[13] [14] [15]([16] [171.

Extrinsic and native-defect surface states also are governed by similar

physics, and are especially interesting ir. the light of the Schottky barrier

pcoblem: Bardeen showed that modest densities of surface states on a

semiconductor can "pin" the Fermi level []%J, forming a Schottky barrier. The

bulk Fermi energies of the semiconductor, the metal, and the semiconductr

surface must align (Fig. 1). If the semiconductor is heavily doped -'.-zype, the

surface Fermi energy is the lowest empty surface state. The bands bend to
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accomodate this alignment of Fermi levels, forming the Schottky barrier. Thus

the Schottky barrier height is the binding energy of the lowest naturally

empty surface stie, relative to the conduction band edge. In 1976 Spicer et

al. proposed that the Bardeen surface states responsible for pinning the Fermi

energy are due to native defects [18][19][20][21][22).

Surface core excitons are similar to surface defect states, as can be

seen by using the optical alchemy approximation [Z3] or the Z+1 rule [24].

Consider core excitation of a Ga atom at the surface of GaAs; the radius of

the core hole is sufficiently small that the hole can be assumed to have zero

radius (i.e., the hole is equivalent to an extra proton in the nucleus). Thus

the core-excited electron feels the potential of an atom whose atomic charge Z

is greater than that of Ga by unity, namely Ge. Thus the Ga core exciton

spectrum is approximately the same as the spectrum of a Ge impurity on a Ga

site. Hence the core exciton states in semicondutors can be either "shallow"

(Wannier-Mott excitons) or "deep" (HJalmarson-Frenkel excitons), as is the

case for impurity states. The deep Hjalmarson-Frenkel excitons are similar to

the surface deep levels associated with impurities.

In this paper. we show that the physics of deep impurity levels,

intrinsic surface states, surface impurity states, Schottky barriers, and

Hjalmarson-Frenkel core excitons are all similar.

II. Deep impurity levels at the surface:

Schottky barriers and Fermi-level pinning



Page 4

The basic physics of most Schottky barriers can be explained in terms of

the Fermi-level pinning idea of Bardeen [18). Stated in a slightly

oversimplified :orrm for a degenerately doped semiconductor at zero

temperature, the Fermi energies of the nmtal, the bulk semiconductor, and the

semiconductor surface all align in electronic equilibrium. For an n-type

semiconductor with a distribution of electronic states at the surface, zhe

Fermni level of the neutral surface is the energy of the lowest states tha.t is

not fully occupied by electrons. Electrons diffuse, causing band-bending near

the scmiconductor surface, until the surface Fermi energy aligns ith the

Fermi I:els of the bulk semiconductor and the metal. This results in the

for arion of a 7otuntial barrier betweeen the semiconductor and the metal, the

Saottky barrier (Fig. 1). For an n-type semiconductor, the Schottky barrier

height is essentially the energy separation between the surface state that is

the Fermi level and :he conduction band edge. For a p-type semiconductor, the

barrier height is the energy of the highest occupied electronic state of the

neutral surface, relative to the valence band maxiuum. Thus tihe problem of

determining Schottky barrier heights is reduced to obtaining the energy levels

of the surface states responsible for the Fermi-level pinning.

In his original article, Bardeen focussed his attention on intrinsic

semiconductor surface states as the most likely candidates for Fermi-level

pinning. But he also pointed out that deep levels in the gap associated with

impurities or native surface defects could also be responsible for the

phenomenon.
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Following Bardeen's work, a major advance occurred as a result of the

experiments of Mead and Spitzer [25] who determined the Schottky barrier

heights of many semticonductors, both n-type and p-type. Most of those old data

have been confirmed by modern measurements taken under much more favorable

experimental conditions.

However, after this work, the Schottky barrier problem was widely

regarded as understood i26] in terms of concepts quite different from

Fermi-level pinning.

In recent years Spicer and co-workers have revived the Fermi-level

pinning model an-d have argued that the pinning is accomplished by native

defects at or near the surface. Their picture is that during the deposition of

the metal native defects are created at or near the semiconductor/metal

interface, and that these semiconductor surface defects produce deep levels in

the band gap that are responsible for Fermi-level pinning.

Spicer's viewpoint, has been contested by Brillson and co-workers [27,

who have emphasized the importance of chemical reactivity on borrier height.

The Brillson viewpoint gains support from the otservation of well-defined

chemical trends in the variation of barrier height w'th the heat of reaction

of the metal/semiconductor interface, as shown for n-InP by Williams tc al.

[28]129][0] (Fig. 2). (We believe that the Spicer and Brillson viewpoif,t can

b- reconciled.)

Daw, Smith, Sw'arts, and McGill (31] have proposed that free surface

vacancieb account for some of the observed Schottky barrier heights in 111-V

bemiconductors. Allen and co-workers have argued that a..- isice defects
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(32](33][34](35](36] "sheltered" [37] at the surface pin the Fermi energy for

most Scho.:-y barriers between Illi-V semiconductors and non-reactive metals,

but that vacancies become the dominant pinning defect when the metal is

reactive [361. Thus the brillson reactivity picture can be unified with Lhe

Spicer Ferni-level pinning picture: the chemical reaction merely changes Zh-

dominant pinning defect. Vae experimental results of Mead and Spitzer [25],

Wieder [38][39](40j, Villiams (28][29][30], Mnch [41][42)[43][44][45], their

co-vorkers, and many others support this general viewpoint.

Moreover, the connection between the Schottky barriers formed at Si

interfaces with :ransition mrntal silicides and the barriers between 111-V

semiconductors and metals appears to be provided by the recent work of Sankey

et al. (46]: Fermi-level pinning can account for the silicide data as well.

Thus a single unifying picture of Schottky barrier heights in lli-V and

hooopolar semiconductcrs aprears to be e=erging. And although this Fermi-level

pinning picture is no doubt oversimpli.fied, it does provide a simple

explanation of the first-order physics determining Schottky barrier heights,

and how tOe physics changes when the dominant defect switches as a result of

chemical reactivity.

It appeari unlikely, however, that the Fermi-level pinning mechanism uf

Schottky b-rr;:r format[wa Ls universal. Layered semiconductors appear not to

exhibit Fer:-.i-level pinning, 'ut rather seem to obey the original Schotcky

mode! [30]. Pnis is Lrobably ecause the layered semiconductorb' surfaces aru

relatively impervious to defects and do not 'ave defect levels in the band

gap.
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The Fermi-level pinning mechanism of Schottky barrier formation has the

most advocates for III-V se-miconductors such as GaAs and InP. However, even

for these materials there are other proposed mechanisms for Scl.ottky barrier

formation, most notably those of Frueouf [47] and Ludecke [48].

Studies of Si, especially Sl/ttansition-metal silicide interfaces, have

focussed on the role of the silicide in Schottky barrier formation [49], in

contrast to the studies of Ill-V's. T'Aus, prior to the recent work of Sankey

e t al. (46], it was widely 'believed that Fermi-level pinning was not

responsible for the Schottky harrier at these silicide interfaces.

Thus the present state kf the field is that: Fermi-level pinning has its

advocates for some semiconductors, but is not generally accepted as a

universal mechanism of Schottky barrier formation, especially at

Si/transition-metal silicide interfaces.

A central point of this T-rper is the Farmi-level pinning can eplain an

enormously wide range of phenomena relevant to Schottky barrier for, ation in

!II-V semiconductors and in Si - which no other existing model can do. In

fact, the authors believe that Fermi-level pinning by native defects is

responsible for the Schottky barrier formation in III-V semiconductors and in

Si.

Our approach to the problem is simple: we calculate dcep levls of

defects at surfaces and i::terfaces, and we use these calculations to interpret

existing data in terms of the Fermi-level pinning model. To illustrate our

acproach, we first ccnsider the Si/transicion-metal silicide interface and

Fermi-level pinning by dangling bonds, as suggested by Saney et al. [46].
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a) Si/transition-metal silicide Schottky barriers

A successful theory of Si/transition-metal silicide Schottky barrier

heights must a.swer the following questions: (1) How are the Schottky barrier

heights at Si/transition-metal silicide in:erfaces related to those at

interfaces of l1l-V semiconductors with metals and oxides? (2) Why is it that

Schottky barrier heights of Si with different transition metals do nct differ

by -1 cV, since c;,anges of silicide electronic structure on this scale are

known to occur [50)? (3) ;hat is' the explanation of the weak chemical trends

that occur on a -0.I eV scale (50]? (4) Why are the Schottky barrier heights

of silicides with completely different stoichiometries, such as Ni 'Si, NiSi,

and NiSi 2  all equal to within -0.03 eV? (5) Thy are Lhe Schottky barrier

heights virtually independent of the silicide crystal structure? (6) Why is it

that barriers form with less than a monolayer of silicide coverage? (7) Why do

the Schottky Barrier heigh-.b :or n- and p-Si very nearly add up to the band

gap of Si? (8) What role do the d-electrons of the transition metal play in

Szhottky barrier formation?

The answers to all of these questions are simple and straightforward, if

one proposes (as Sankey et al. (46] have done) that the Si/transiticin-metal

silicide Schottky barriers are a result of Fermi-level pinning by Si dpngling

bonds at the Si/trznsition-mutal silicide interface. (1) The Fermi-level

pianing idea unifies the Si/transition-metal silicide Schottky barrierb with

those found for the 1I1-V's. (2) The Schottky barrier heights' independence of

the transition-metal silicide comes from the fact that the causative agent,

the Si dangling bond, is associated with the Si, and not with the silicide of

transition metal. (3) The weak chemical trends in barrier heights occur
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because the different transition-metal silicides repel the Si dangling bond

wavefunction somewhat differently, causing it to lie slightly more or less in

the Si. (4,5) Tl~e Schottky barrier heights vary very little with silicide

stoichlometry and silicide crystal structure bhcause the Si dangling-bond

level is "deep-level pinned" in the sense ;f Hjalmarson et al. (1]: a large

change in defect potential produces or . * . change in the deep level

responsible for Fermi-level pinning The transition metal atoms act as inert

tncapsulants with the electronic ptoperties of vacancies, because their energy

levels are out of resonance with the Si. (6) Sub-monolayer harrier formation

occurs because the Si dangling-bond defect responsible for the Fermi-level

pinning is a localized defect that formq lefoi e d full interface is formed.

(7) The Schottky barrier heights for n-Si a:id p-Si add up to the band gap

because (in a one-electron approximation) the pin ning level associated with

the neutral Si dangling-bond at the interface is occupied by one electron, and

so can accept either an electron or a hole: it is the surface Fermi level for

both electrons and holes - both the lowes" partially empty state and the

highest partially filled state. (8) T'he d-electrons of the transition metal

atoms play no essential role in the transition-metal 1' zde Schottky barrier

formation, except to determine the occupancy of the Si dangling bond deep

level; they are out of resonance with the Si at the interface.

The physics of the Si danglinc--hind, Fermi-level pinning mechanism is

contained in the very simple mode! presented by Sankey et al. [A';]: to a good

approximation, a Si dangling-bond at a Si/transition-meotl cilicide interface

is the same as a vacancy in bulk Si with three of its four neighbors rcplaced

by transition-metal atoms. To illustrate t;i ohysics, consider firs t a

vacancy in bulk Si. This defeCt nroduzes four deep levels near tc.e band gap: a
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non-degenerate Al or s-like level deep in the valence band (a "deep

resonance") and a three-fold degenerate T?, level in the band gap. Tihe Si

dangling bond defect at a S!/transition-metal silicide interface differs for

the bulk Si vacancy in two ways: (1)'some of the nearest-nt ighbors of the

interfacial vacancy are transition-metal atoms rather than Si a:o; and (2)

more distant neighbors are also different atoms at different posiLions -- but

the experimental fact that Schottky barriers form at submonolayer coverages

suggests that Lhese differences in remote atoms are unimportant. Tnus we can

imagine constructing the Fermi-level pinning defect by slowly changing snme of

the Si a'cms adjacent to a bulk Si vacancy into transition-metal atoms (Fig.

3).

To be specific we consider a Si/NiSi 2, interface, with a missing Si-bridge

atom. Thus (Fig. 4) the Si bond dangles into the vacancy left by the removal

of the Si bridge atom; this vacancy is surrounded by one Si atom and three Ni

atoms.

How are the Ni atoms different from Si? First, their s and p orbital

energies lie well above those of Si. Second, they each have an additiona.2 d

orbital, with an energy that lies well below the Si s and p orbital energies

(and is not terribly relevant here). The very positive Ni s and p energies _ct

as a repulsive potenLidl barrier to electrons, repelling the Si dangling bond

electron from their vicinity in the silicide and forcing it to reside almost

exclusively in the Si.
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The effect of this positive potential barrier due to the Ni-Si

difference, as it is turned on slowly in our imagination, is to drive the

levels of the bulk'vacancy upward in en.trgy. In fact, for Ni, the potential is

sufficiently positive to drive the T2"bulk-Si vacancy level out of the ).ap

into the conduction band. At the same time, the A1 deep resonance of the Si

bulk vacancy is also driven upward. For sufficiently large and positive

potential, it pops into the fundamental band gap.

The A1-derived level cannot' be driven all of the way through the gap by

the potential though, because an (appro::imate) level-crossing theorem prevents

this. A simple way to see that there is an upper bound within the ,ap :or Lhe

perturbed A1  level is to consider a paired-defect of a vacancy Vsi with a

neighboring ;tom Y. If the atom X is S', then the defect levels are the A1

(s-like) valence band resonance and T2 (p-like) band gap deep level of the

bulk Si vacancy. A1 and T2 are not good irreducible representation labels of

the (Vsi,X) pair however; the A1  level becomes a-bonded and the T2 level

produces one a-bo,,.ded and two Tr-bonded orbital, with the a-bond oriented alon 4

the Vsi,X axis and with the n bond; perpendicular to it. Thus the unperturbed

(X=Si) a levels of the (Vsi,X) pair are the A1 and T2 bulk Si vacancy levels.

The interlacing or no-crossing ?.-eorem [51] states that a perturbation canno

move a level further than the di, arce to the nearest unperturbed level. (It

applies only approxinately here.) Hence no matter how electropcsitive X is,

the (Vsi,X) level derived from Lhr. Si vacancy A1 level cannot lie above tne Si

vacancy T2 level. These considerations for general (VsiX) pairs hold for the

specific case of (Vsi,Ni) pairs, and carry over to the dangling bond defect at

the Si/transition-metal silici(, interface, which is a vacancy surrounded by

three Ni atoms and one Si. Thus tte dangling- ond Al deep level is "2ee?-leve
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pinned" (as distinct from Fermi-level pinned) in the sense of HJalmarson et

al. [1], and is insensitive to even mzijor changes in the nearby

transition-metal atoms. To a good approximation, the nearby transition-metal

atoms have the same effect as vacancies '(which can be simulated [52] by

letting the orbital energies of the transition-metal atoms approach -

thereby decoupling the atoms from the semiconductor).

Thus the work of Sankey et al. [46] not only provides an .-xplanation of

the Si/transition-metal silfcide Schottky barriers, it explains why

calculations for defects at a free surface often can provide a very good

description of the physics of Schottky barriers: the defects at interfaces are

"sheltered" (37] or encapsulated by vacancies or by metal atoms that have

orbital energies out of resonance -ith the semiconductor atoms; because of the

deep-level pinning, the free-surface defects (which can be thought of as

encapsulated by vacancies) have almost the same energies as the actual

interfacial defects.

b) III-V Schottky barriers

The Fermi-level pinning story for Si/transition-metal silicides holds for

Schot:ky barriers formed on I11-V semiconductors as weli. Here we summarize

the main predictions of the theory.

The basic approach of the theory was to calculate the energy levels in

the band gap of thirty s- and p-bonded substitutional point defects at the

relaxed [53) (110) surfaces of Ill-V semiconductors. With these results in

hand, Allen et al. examined Schottky barrier Oata in the context of

Fermi-level pinning and eliminated from consideratLun _i defects that
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produced levels considerably farther than -0.5 eV (the theoretical

uncertainty) from the observed pinning levels. Interstitial defects were not

considered; they n'ave less of a tendency [54] to exhibit the deep-level

pinning that is responsible for the experimental fact that different metals

produce similar Schottky barrier heights. Moreover, extended defects were not

considered initially, because it is known that paired-defect spectra are

intimately related to and similar to isolated isolated-defect spectra (55!. (A

more complete theory of Fermi-level pinning by paired defects, especially in

GaSb where vacancy-antisite pairs are important, is in preparatior..)

For clean se-miconductors, the native substitutional defects potentially

responsible for the commonly observed Fermi-level pinning are vacancies a:nd

antisite defects (anions on cation sites or cations on anion sites).

In GaAs, the defects proposed by :len et al. (32) as responsible for

Fermi-level pinning and Schottky barrier formation are the antisite defects.

The cation-on-the-As-sice defect accounts for trends with alloy composition of

the Schottky barrier heights of n-type Inl_xGaxAs and Gay A. As alloys (Fig.
IL-y y

5). The Fermi-level pinning of p-tnAs (56), which shows quite different alloy

dependences [57], is also explained.

This picture of Fermi-level pinning has been confirmed recently by M6ach

and associates, . annealed Schottky barriers and showed that the Fermi-level

pinning disappeared at the same temperature that the bulk (and ,res-nnably also

the surface) antisite defect is known to anneal [58].
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InP is an even more interesting material, because its Schottky barrier

appears to depend on the heat of reaction of the interface [281(29) (30]. This

can be readily explained [36] however in terms of switching of the dominant

Fermi-level pinning defect from an antisite defect for non-reactive metals to

a vacancy for reactive metals (Fig. 2).

Moreover, surface treatments are known to alter the Schottky barrier

height of n-lin?, in a manner that can be easily understood in terms of the

theory (36]: Surface treatments with Sn or S produce shallow donor levels

associated with SnIn or Sp at the surface, and these levels pin the surface

/
Fermi energy for contacts between n-InP and the non-reactive noble metals.

Likewise 0 and CZ treatments lead to reactions twith P that leave P-vacancies,

so that the surface Fermi-level of treated n-InP interfaced with non-reactive

metals lies near the conduction hand edge -- as though the metals were

reactive.

Thus the Fermi-level pinning idea appears to provide a simple and

unifying understanding of a wide variety of Schottky barrier data in the

com mon semiconductors.

III. Intrinsic surface states

The calculations of surface defect levels for the Schottky barrier

problem can be checked by simultaneously evaluating surface state energies and

comparing them with the considerable body of available data. The theory

underlying surface state calculations is basically rhe same as that for bulk

point defects or surface defects. It is quite simple, and requires only (1)

the well-established empirical tight-binding Iamiltonian of the semiconductor
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[591 (the matrix elements of the Ha=iltonian exhibit manifest chemical trends

from one semiconductor to another), ad (2) knowledge of the positions of the

atoms at the surface. Thus a reliable treat=ent of the surface states of a

semiconductor requires an adequate :Ade3 of the geometrical structure of the

surface. At present, no seciconductor surface structures are beyond

controversy [60], but two seem to be rather well accepted; the (110) surface

structure of iIl-V and II-Vi semiconductors with the zincblende

[53][61][62]1[63], and the (iUJO) surface structure of ii-V! semiconductors

with the wurtzite structure .62j. in narticular, (110) zincblende surfaces are

characterized by an outward, alnost-rigid-rotation relaxation of the anion

(e.g., As in GaAs), with the bond between surface anion and surface cation

rotating through about 270 (lIl-V's) or 330 (Il-VI's), and with small bond

length changes and subsurface relaxations.

a) (110) surfaces of Iii-V and IT-VI zincb-cnde semiconductors

During the past five years, a n-umber of groups have reported ex-perimental

and theoretical studies of intrinsic surface states at (110) zincblende

surfaces [3][4][5][6][7*[8][9][I0i [11;[12][13][14][15][16][17][18]

[64][651[66][67][68][69]70][71][721[73]. In Fig. 6, we shc, the most recent

calculation for the dispersion curves E(R) at the GaAs (110) surface [14),

together with the measured surface state cnergies fo Williams, Smith, and

Lapeyre [65] and of Huijser, van Laar, and van Rooy [66). The calculation

employs the ten-banc sp3s* empirical tight-binding model of Vogl et al. [59].

The agreement between theory and expericent is excellent. For example, along

the symmetry lines ?'R and F1 (i.e., th,; boundary of the surface rilliovn

zone), the uppermost branch of observed states appears to be e:plained by A5 ,
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the next branch by the overlapping resonances A4 and A2 ', and the three lower

branches by Al , 3, and C2 . Here "A" and "C" refer to states localized

primarily on anion and cation sites, respectively. A detailed comparison with

previous theoretical studies of the GQAs (110) surface is given in Ref. [14].

The primary additional features are (i) the states A1 through A- and C1

through C4 (in the notation of Ref. i7l) were located as bound states or

resonances at all planar wavevector - along the symmetry lines of the surface

Brillouin zone, and (ii) two "new" resonances, A1 and A2' were found. (The

branch A1' was reported in Refs. [5] and [74], but not in the other

theoretical studies. Tne branch A2' had not been p.eviously reported.) The

discovery of this additional resonant structure is apparently due to an

improved technique for calculating bound states and resonances -- the

"effective Hamiltonian" technique [14].

In Fig. 7, the theoretical dispersion curves of Beres et a!. [14] are

shown for the (110) surface of ZnSe, together with the measured surface state

energies reported by Ebina et al. [11]. Again, the agreement between theory

and experiment is quite satisfactory, being a few tenths of an eV near the

band gap, and larger for more . stant states. Some apparent discrepancies [11]

between experiment and previous theory were found to be resolved by a more

complete treatment of the resonances, using the approach described above.

Surface state dispersion relations have also been calculated for GaP,

GaSb, InP, InAs, InSb, AP, AAs, A.Sb, and ZnTe [14115][16][17]. In none of

the direct-gap materials were intrinsic surface states found within the band

gap. GaP, however, was found to have a band of unoccupied surface states that

overlaps the fundamental band gap and extends below the bulk conduction band
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edge. This "is in accord with the experimental facts: of these semiconductors

only GaP has surface states in the gap [181[69][70[71][721. Of the remaining

indirect-gap maceri!s, the theory indicates that intrinsic surface states may

be observable near the top of the band gap in the indirect-gap AZ-V comp;ounds

[161, although the theory is not sufficiently accurate to predict

unequivocally chat the states will lie within the gap.

b) Si (100) (2xI) intrinsic surface states

After many years of intensive study by numerous groups, there is still

controversy over the geometrical structures of the most thoroughly studied

semiconductor surfaces: Si (10J) (2x) and Si (II1 k2/1). For example, four

groups have recently given arguments for antiferromagnetic ordering of Si

(111) surfaces [75], whereas Pandey has proposed replacing the conventional

buckling model [76][77][78) of Si (111) (2x.) by a (110)-like chain model

(79).

In the case of Si (100), arguments have recently been presented

[80][8!][821 against the (2xl) asyzmetric dimer model of Chadi (83]. (In the

asymmetric dimer model, adjacent rows of surface atoms dimerize, forming a

paLtern of paired atomic rows on the surface.) The most telling of these

arguments involves the apparent disagreement between angle-resclved

photoemission measurements of the surface-state dispetsion curves [641[65] and

theoretical calculations of these dispersion curves with conve-tional models

of the electronic structure as applied to the asy.mmetric dimer geometry

(831[84).
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Very recently, two new calculations have been performed independently

with improved models of the electronic structure [85][861. T1he same conclusion

was reached in botli of these studies: the electronic structure calculated for

the asymmetric dimer modal is in agreement with the measurements. This is

illustrated in Fig. 8 (taken from Ref. [481), where both the theoretical band

width of 0.65 eV and the detailed variation with the planar wavevector R are

seen to be in excellent Pgreement with the experimental dispersion curves. In

addition, there is quite satisfactory agreement between the theoretical

surface band gaps and the 0.6 eV gap zeasured by Manch et a!. [87].

IV. Surface core exciton states

The same calculations that predict native-defect surface deep levels for

the Schottky barrier problem also yield surface core exciton energies, because

the optical alchemy or Z+1 rule states that the Hjalmarson-Frenkel core

exciton energies are the energies of "impurities" that are iannediately to the

right in the Periodic Table of the core-e: cited atom [23][24,1. Thus

core-excited Ga produces a "Ge defect" and core-excited In yields "Sn."

In Figs. 9 and 10, the theoretical exciton energies for the (110)

surfaces of the Ga-V and In-V compounds are compared with experiment [881.

Notice that the experimental and theoretical exciton levels for InAs and InSb

lie above the conduction band edge, as resonances rather than as bound states.

In the present theory this result has a simple physical interpretation: Like a

deep impurity state, the Hjalmarson-Frenkel exciton energy is determined

primarily by the high-density-of-states regions of the bulk band structure.

There iq only a small density of states near the low-lying direct conduction
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band minimui (corresponding to the r-point of the Brillouin zone), but a large

density of states near the higher, indirect X minima. Thus the conduction band

minimum near r has relatively little influence on the position of the exciton.

The surface HJalmarson-Frenkel core excitons have also been calculated

for the (110) surface of ZnSe and ZnTe [89] and are in good agreement with the

measurements [901. We conclude that the present theoretical framework does a

good job of explaining the basic physics of the "deep" Hjalmarson-Frenkel core

excitons, whether bound states dr resonances.

V. Unified picture

Thus or.e interlocking theoretical framework successfully predicts the

correct physics of (1) surface deep impurity levels and Schottky barrier

heights, (2) intrinsic surflce states, -nd (3) Hjalmarson-Frenkel core exciton

states.
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FIGURE CAPTIONS

Fig. 1. Schematic illustration o Fermi-level pinning. Band edges of the

bulk semiconductor, the semiconductor surface, and the Fermi energy of the

metal, the surface of the semiconductor, and the semiconductor are all shown

as functions of position. The lowest e'a1gy surface defect level that is not

fully occupied (before charge is A ilo ,ed to flow) is denoted by an open

circle. This level ar.d the Fermi levels of the n-type semiconductor and the

metal align.

Fig. 2. Surface Fermi energy of n-type lu? versus heat of reaction of InP

with the metals Ni, Fe, A, Cu, Ag, and Au, extracted from data of Ref. [28],

assuming Fermi-level pinning. The theoretical Fermi-]-vel pinning defect

levels for the surface P-vacancy (V,), the native antisite defects (inn and

Pn ), and the extrinsic impurities S on a P-site (Su) and Sn on a surface In

site (Snln) are given at the right of the figure. The n-InP data can be

interpreted as follows: non-reactive metals produce only antisite defccts as

the dominant defects; reactive metals and treatment of the surface with oxygen

and CZ produce P-vacancies. Treatments with Sn and S produce surface SAIn and

S. as dominat defects, respectively.

Fig. 3. The totally symmetric (a,) levels for a bulk Si vacancy,

surreunded by one Si aton and three X atoms, as a function of the defect

potential V, normalized to the N'i defect potentia±, iftur Ref. [46]. For V=O,

the X atoms are S!; for V Vqi , the X atons are Ni. The parent levels of the

isolated Si vacancy are shown for V=O. The experimental Fermi-level pinning

position for NiSi 2, extracted from the data of G. Otzavianai, K. N. Tu, and J.

W. Hayer, Phys. Rev. 3'4, 3354 (1981) are dnoted by a dot with a label " iSi.
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Fig. 4. One type of interfacial vacancy "sheltering" a Si dangling bond,

after Ref. (46]. The geometry is that determined for the NiSi2/Si(111)

interface determined by D. Cherns, G. K. Anstis, J. L. Hutchison, and J. C. H.

Spence, Phil. -lag. A46, 849 (1982).

Fig. 5. Predicted dependence of Schottky barrier heighc on alloy

compositions x and y of Inl_xGa.As and GalvA yAs alloys compared with data,

after Ref. [88].

Fig. 6. Predicted surface stare dispersion curves E(R) for surface bound

states (solid lines) and surface resonances (dashed lines) at the relaxed

(110) surface of GaAs, after Kef. [14]. The energy is plotted as a function of

the planar wavevector R along the symmetry lines of the surface Brillouin

zone, shown on the right. The labelling is the same as that of Chelikowsky and

Cohen (Ref. [7]), with A1 A2 , C1 , and C, mainly s-like, and A3 A4 , A5 , C3 , and

C4 mainly p-like. A5 and C3 are the "dangling-bond" states. A3 , A,', and A,'

are largely associated with in-plane p-orbitals in the first and second

layers. The character of each state varies somewhat with the planar wavevector

rE, and represents an admixture of all orbi..Is. The widths of the resonances

are typically 0.5 to 1." eV, but in some cases -re smaller than 0.1 eV or as

large as 2.0 to 5.0 eV. The dots follow the continuous disperson curves

inferred by Huijser et al. (Ref. [66]) for the "clear" and "Weak" experimental

features. The open squares represent the states observed by Williams et al.

(Ref. [65]). The data reported in Refs. [64] and (6] are consistent with those

shown here.
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Fig. 7W Predicted energies of surface bound states (solid lines) and

surface resonances (dashed) for the (110) surface of ZnSe, as function of the

planar wavevector =(k1 ,k2 ), after Ref. [15]. The surface Brillouin zone is

shown on the right; 7 is the origin, 0=(0,0). The bulk bands are shaded. Ev

and Ec are the valence and conduction band edges. The experimental features

identified with bound and resonant surface states in Ref. [11], along the two

symmetry lines 7X' and T, are indicated by ,Ike dotted lines.

Fig. 8. Dispersion curves fir surface states and surface resonances at

the (100) (2x ) surface of Si, after Ref. (851. The energy E is shown as a

function of the planar wavevector i arud the symmetry lines of the surface

Brillouin zone. Solid lines represent results of the present calculations;

dashed lines are the measurements of R. 1. G. Uhrberg, G. V. Hausson, J. M.

Nicolle, and S. A. Flodstrom, Phys. Rev. B24, 4684 (1981); and the dotted line

is the measurement of F. J. Himpsel and D. E. Eastman, J. Vac. S0. Technol.

16, 1297 (1979), which were taken from 7 to J' along the (010) dir-ction,

rather than along the sy;:,metr / line 7 to J', Ev and Ec are the Si valence and

conduction band edges.

Fig. 9. Predicted and observed Ga 31 core surface Frenke! qscitons

(double lobes) for GaAs, GaSb, and GaP, after Of. [32j. The lower unoccupied

surface states (Ref. (131[141) are reprsented by closely spaced horizontal

lines. Ev and Ec are, respectively, ohe top of the valence band and the bottom

of the conduttoin band. The e:,perimental results here and in Fig. 7 are those

of Eastman and co-workers (D. E. mastman and J. L. Freeou f , prl 33, 1601

(1974); 34, 1624 (1975); W. Gudat and D. E. Eastman, J. Vac. Scd. Technol. 13,

831 (1976); D. E. Eastman, T.-C. Chiang, F. Heimann, anf F. J. Himpsel, prl



r'age zLs

45, 656 (1980).).

Fig. 10. Predicted and observed in 4d core surface Frenkel excitons for

InAs, InSb, and in?, after Re.[32].
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The energy band gaps and substitutional deep impurity levels of metastable alloys GeSn_ are
predicted. As a functior. if decreasino alloy composition x the indirect band structurc of iemicon-
ducting Ge first becomes direct (indicating that Ge,Sn1.. , may have applications as an infrared
detector) and then metallic. Doping anomalies commonly occur as x decreases. Betwecn x t-0.4
and x =0. 8, the Gunn effect should occur.

In this paper, we picdict the band gaps and s,,bstitu- the VogI parameters is that they% incorporate chemical
tional defect levels for alloys of germanium and tin: trends, so changes in these parameters as tht! semicon-
Ge.XSnI.... These materials are normall% immiscible for ductor composition varies are rather well-beiiaved fun'.-
most compositions wvhen grown under equilibrium condi- tions of changes in atomic energies and bond lengths.
tions, but have been grown in subs, t utional, crystalline The Vogl model, in its published form, is X..cking two in-
metastable states for compositions v >0.78 using non- gredients essential to a proper treatment of Gen - al-
equilibrium growth techniques.'- 3 With increasingly so- loys: (I) spin-orbit splitting (which is important for the
phisticated growth techniques, we anticipate that meta- large-Z Sni atom), and (ii) st.ond-nearest-neigh',ur pa-
stable GeSnl-. alloys will soon be available for a rameters (whichi are needed to '.orrectly :-nujate the rel-
greater range in x.' One purpose of this paper is to out- ative conductict, and mini,num near point L along A).
line the electronic structure of these new alloys, and to The spin-orbit eflect has been incu' porated by a ntumber
saggest that, for a re:stricted range of all Ay compositions, of authors; we share common no'tation with Rt, 8.
they should support Gunn-effect oscillations. Hence %e Similarl%, the second-neigabor intera~..tji*:~ cen b,- incor-
hope to stimulate efforts to grow these materials. porated nb they were for Sij_,GeA, alloys b> Newman

Germanium is an indirect-gap material, the fuindamen- and Do%% 9 The resulting Hamiltonian, in a basis of
tal energy band gap occurring at the L point of the Bril- tight-binding states of wave vector k, is
louin zone [k=(2~-/aL.(- ' ] with a magnitude of
0.76 eY at low5 temperature. Tin is a semnimetal, a ma- H, 0 is ip",
teriatt with no band gap; its valence and co1aduction 0 H1,, 11' 11'
bands overlap at the r potnt [k=--I0,0,0)]. We predict HOWk) Hp pp
Ge, Sr, -, to have a fundair mtal band gap that varies Hss lip H, j
from zero to 0.76 eV as a function .: composition x. lips Hpp 0 ip~

1. H~AND STRUCTrURES where I1, is

The energy bands of Ge,SnI-,, alloys were predicted Is,!) Si I) SI) SW
usinr the virtual-crystal approximation and a second-
nearest -neighbor tight-binding model of the Koster- Iso I) E,. 0 0 01
Slater type.' The parameters, for a first-nearest-neighbor *) 0 E. 0 0
tight-binding Hamiltonian, are taken to bc those of Vogl
ei al.,' which are known to reproduce v .2cnce-bavd 1T) 0 0 E, 0
structures and the principal features of the lowest :on- 'S1 0 0 0 E
duction bands for all zine-blende and diamond covalent
semiconductors. An imp.'rtant anti nontrivial feature or and Up~ Is

g g, /% ~ L

/v 3 3,x

- 0 EIfg.0

- - 3 -,. ~ E., ,g-l 3I o~-'.t

2 111P, 3 ~ If, -, l -

16 7994 c 19C Th, Amt.rican Pbh ieal Socie.%
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Here H, is

IS0T) Is*l) 1st) IsI)

s't) 0 0 0 0
Is*1) 0 0 0 0
Is?) 0 0 U35go 0
Isl) 0 0 0 U.go

H,, is

I j L , 3 , )J '
IfT T) IT -1,,

Is0) iU,,PgIV'2 -Viu2.,g, iV3 , IV-6 0 UPg/ iV3 -iUjspg 5 IV3
Is) 0 iU. g g/V6 -V 2U u.g3* IV3 iU 3 ,Pg' IV2 iUpg;/V3 -UIVg /v3

sp ' P 
s P94 3 -U.g*

ISO ipg~ I/V2 Is)V3 Ug/V6 0 Us gIV3 -iU),,g/V!
ISOf 0 iU1,g4 Ir 6  - v i'u1,gsI V31 iU,,g I IV2 iu,:V 94,g

P) is

I -' u,,,IS1 VI,.g 1 ) ~g It v'viS)
3 ) -

i,. g;U , 0 i U,,

, I. 1V3 'U ,. g; lV V2U,,g/V iUVpg V VV

T+,-j) T iU,.g I-V2 0 iU,'g iV2
U,.,g' I-3 iV,.*gIV3 - U,/V3 iul,pgso/V3

and H,, is

T T-
I.~ U, -.U,g/ V'3 iU,,gl l/3 0 U,>g/ V6 -iV2U,,g/v'3"

30 iU#g/V3 0

I-.,) - giUg IV3 0 Ugg U3 gIv3 Ug IV 0

. o -iuV,,gv3 L,,g/ u - U,,g V6
0 T yg 1 3gU.g 0 iVU9g3U~g0

ILTT)  U,g ;I /V16 0 - U,,g l /r2 iV2Ux,g ,lV3 Uugo 0

I-) iV'2U,,g/V3 -U,yg/%2 0 Uyg/v'6 0 00

We have used the notation of Kobayashi et al.8 for all age the parameters of Ge and Sn as follows: on-site pa.
nearest-neighbor parameters. The second-neighbor pa- rameters, x[Ge]+(I-x)4Sn]; off-diaeonal parameters,
rameters are W,,=4(s,o,0IH0 ip,o'd,). where d, is (x[Gela (Ge)I +(l -x)[Sn]Ia(Sn)l:)ta x)I -; where
the displacement vector of a second neighbr. 0  (Gel and [Sn] are typical bulk Hamiltonian parameters

The first-neighbor parameters for Ge and Sn were of Ge and Sn, a(Gei and o(Sn) are tne lattice constants
fitted to the band structures of Chelikowsky and Cohen5 for Ge end Sn, respectiveiy, and we assitme Vegard's
using the method of Kobayashi et a'.' The second- law:
neighbor parameters were fit to the condu-tion-band
edge at the L point using the same band structures. A!! a(x!=xa(Ge)+(l-x)a(Sn)
parameters are given in Table 1.

By diagonalizing , is Hamiltonian, we obtain the band This averaging procedure is a virtjial.crystal app-oxima-
structures of Ge an.' Sn, which are in good agreement non, and is valid because the Onodera-Toyozawa"' ratio,
with the pseudopotential band structures of Chelikowsky for GeSni_, is considerabiy less than 0.1 for the con-
and Cohen.3 (See Figs. 1 and 2.) To obtain the virtual- duction and valence bands. This ratio is the ,iffe'',ice &
crystal band structures of GeSni-, allo)s, we first aver- in on-site energies of the two constituent materials divid-
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TABLE 1. Sn and Ge tight-binding parameters (in eV, ex- 11Sn
cept d, which is in A). We have added sec'ond-neighbor pa.
rameters to fit t~le gap at the L point. The notation is that of7
Kobayashi et al. (Ref. 8).

Ge Snt

E,-5.8800 -5.8800
Ep1.5533 1.1733 L3_

X 0.0967 0.2667 i /6
E1 6.3900 5.9000 -
U., -67800 -5.4600 -

AY1.6500 1.4400 1
U, 4.8416 3.9042 _______

U11 4.9520 ,4.0172L XUKr
U, 1 4.5030 3.6459k

W,,. 0.,352 0.1229
d 2.45 2.81 FIG. 2. Band structure of Sni (solid lines) in comparison

with the results of Ref. S (dashed lines).
Additional seconJ-neighbor matrix elements

Ij~ 2H 12~)= - W,.g/ V! 81W:50.07 for the conduction band. These materials
I. ll 1H A1T)=igg1 satisfy the criterion .as well a.- or better than alloys ofI ( 1 2GaAs and GaP.

~ H , ~ = ~ '6.The resulting virtual-crystal-npp- ration band

; HI~~~i,.V/ structures of Ge, Sn, are displayed in Figs. 3, 4, and 5
~~-I H 1)-w"g W,/V3 for x =0. 25, 0.5, and 0.75, respectively.

(1, -1 _HI11=-gfpg Figure 6 displays, as functions of allay composition x,
2,. jH 2 the principal virtual-crystal band gaps at point r, point
2~ .1( ~-f= ,~V L. and poin' X [k=(21r/a)(l,0,0)j, and A (A is the

* ~(H , -~. ~ -W,,,g~iVZwave vector of the local minimum in the conduction
where band along the [100] direction; point 1. is a local

g6 =!,intk~a /Zlsin(k,a/2)+i sin(k,a/2)si.n(k,a/2) minimum).
g,=sn~k~/2!in~ka/2-isi~k~a2)sn~k~/2)Interesting features of Fig. 6 are (i) that a dir:.-t (r).

g, = sin(k,a /2)sin(k,a/2si /2) 2)i~~/ to-indirect (L) crossover is predicted near xc=0.8, (ii)
g1~sn~k~/2)sn~k~/2)the alloy's fundamental band gap is nonzero for x > (). 4,

nd (iii) the level at I is lower in energy thart the level at
L for x < 0. 3. This means that Ge SniI ,~ will be semi-

ed by the bandwidth W of the associated band. For metallic for x -0. 4, a semiconductor with a direct gap
Gen-, the larger of the differences 8 of s and p on, for 04 <x < 0. 8 (and hence a potential infrared detector
site energies is 0.38 eV. The conduction- and valence- or light emitter), and a potential Gunn oscillator for
band widths of Sn are 11.34 and 5.72 eV, respectively. ind4ec-ga <08 See blow) or x>.,G St. sa
(The bandwidths of Ge are comparable ) In this case, for inrctaps ionuo.
Ge 1,Sn 1- we have 81W:50.02 for the valence band and

Ge _SnC.Q75Ge0.25

3'-3

-7 -7\ 7
-g -

L r XUK rL r C r
FIG. 1. Band structure of Ge using the prestat iheory 1solid

lines) compared to the pseudopotential rtsults of Chchkowsky

and Cohen (Rei. 5) (dashed lines). FIG. 3 Band structure of metastable Ge, :-Snr
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11 _ __e Go(e I-Snx

7 ~0.9
0~~. 0.05 -

6 -A

W bJ 0.1

-7

-9
-- 0.

-13 __________0__

L r . XLUK rC.0 OS 1.0
kSni X Ge

FIG. '. Band structure of metastable Ge0 Sno0 5.

FIG. 6. Predicted lowest conduction bands at r. L, and X
11. DEEP IMPURITY LEVELS (the valence band is shaded) vs ailo- composition x for

A. General Ge Sn,, The band gap varies from zt ro for x =). 4 to 0.76
eV for pure germanium. This cover.; energies corresponding to

The deep impurity levels are computed following thc infrared light. The Gunn effect should c-cur for 0.4 < x <0. S
general ap~proach of Hjaima--on ei W-17* 2 Because of the because the high-mobiiit) low-effective-mats r minimum lies

Lhemical trends in the matrix elements, a defect poten- below the Iou-mobility L r.,inimim. For x <i. 4 the alloy is

tial matrix can be constructed rather easily. For substi- predicted to have zero gap.

tutional defe:ts that have the same bond length as the
host atoms they replac-, the matrix in a basis of local-
ized orbitals centered at th.- defect site is to the deep impurity problem -namely, the - l0-eV

iEd) I 8 E' bandwidths, and the -1I- l0-eV scae oi the defect po-
tential, and (ii) we are exploring the global chemical
trends in the defect levels rather than attempting to pre-

E) 1 00 dict with precision the energy levels of a specific defect

C/2 0 in a single host-while the physics of the unrelaxed
E7  /2- '/ deep levels may exhibit well-defined trends, the lattice

E7 0 'E" C relaxatior may be governed by different chemistry which
where e is the on-site energy13 of the host Wt or impuri- might obscure the .:ends in the unrelaxec deep levels.
ty Mi. Note that the E6 state is SI, 2-like, the f7, state is Introducing the Green's-function operator
p. -2-like, and the Eg state is P3,2-like. GE=(-0-

The efiec:s of lattice relkxation around the defect and GE~( H )
bond-length changes can b-- incorporated by -oting that where the ,aergy E is to be interpreted as having r'n
the off-diagonal matrix clements of the Hamiltonian'3  infinitesimal posili~e imaginary part when it lies in a
scale as the inverse square of the hond length. Here we host band, the Schrldinger equation for tie deep level
neglect such lattice relaxation effects because (i) they are eigenvalues E is
small, of order 0.1 eV, on the energy scales of relevance (o+Vt=t

SnoHo±Vhb=Ezb,
Sri .S~e ~and leads to the secular equaticni

det( I-GV)=0

3 Here 11, is the host-crystal Hamniltonian, ll=H -Ho is

tne defeczt matrix, and . is the unit matrix Invoking the
~ -1 diamond-crystal syn'-ery of virtual-crystal GeSni..,,
& -3 he secular equations reduce ',o the sc. ar equation

-6 1lIV, =G,(E)
-7

-9 for the doubly degenerate s:,,-like E6 level,

-13 /V1, 2 -=G,(E)

k for the doubly degeneraic; -l~ike E-, levels, and

FIG 5. B~and tructurc of metastable Ge, 75Sn,, I I/2 = G,1I E)
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for the fourfold-Je-enerate p 3,:lIike E, levels. Here G, 10_____________

G-., and Gs are Greens functions for E~, E7, and Es Ge,_Sn,--x
svmmetry, and are defined as iollows: P3 IBe

E-E..tk' E8 C 3 ,. / wvv~

where E,(k 1is the 'rth eigenvalue at wve ;v--c~or k and
I,k.a) is the nth e-crnvctior at k with I =s: p1, c

U
or Pj. for the E6. E5, or E.: symmery. respectively. I L
The matrix el-nnents V1 are deduced from the chemiczl =E
--end:'4 

7

0.0 -

where w...,, and tvh.. ire atomic e:nergies for the im- Sni- Ge

puriy ad hst a~ms repectvel. I~i/2Tha or FIG. 8. Predicted substa-:tional impuriiv deep levels in
p,12, and fl,=0.8 for 1 =s,1, and 0.6 for I =p,,z or Ge,Snj.. of E-. D. -Ye'c :ind E1 (p3,1-ike.- svmmetrY; as
P312.- We have V3,: 1/ functions of composition x. The levels are piotted rlueto

the valence-band edge. Occupaazics of -*he iza~cs -ire shown:
B. Deep levels electrons are solid circles and holes are open circles. The

The rcdcte sustittioal-mpuity eeplevl eer- conduction-band edges at r and L are shown. Impurit:. lecvcls
Thep~tictd sbsttutona-imuriy dep-eve enr- in lie gap for pure germanium are drivei, into thi: cond-.aiton

gies F in the fundamental band gap obtained by solving band as x decreases.
the secular equations :-or GeSnt., are given in Figs. 7
and 8 for levels of E,. E-, and Ej symmetry, respective-
ly. The levels found -',r Ge are in generally good agree-
inent with what is known about deep impurities in that
material. Tfhe results of this n'octel are comparable with theory with experiment. The deep energy levels -.or S,
those of other theories.1- 5~ some of which are much Se. and Te, all from column V1 of the Periodic Table,
more complicated. Fer crample, we calculate the vacan- show a definite trend to higher enerl;eb for the series S
cy ES level to be 0.24 eV above the valence-band edge, to Se to Te. Titis trend is due to a reduction in the mag-
compared to a ranp-z from 0.04 to 0.66 eV for other nitude of the atomic orbital energies' for the valence
theorics.9 WXV estimate the uncertainty in our theory to electrons of these impurities, hence the defect potential
be a few !cnths of an -V, comparable with the claimed weakens. The trend is present both in theor, and in ex-
0-2-eV uncertainty for self-consistent pseudopotential periment. While the predicted level for S precisely
calculations.iS In Table HI we compare the present matches experiment (accider. :ally good agreement for a

theory with an uncertainty of a few tenths of an eVI the

1.0 _______________theory also agrees with the data for Se, and places the
Te deep level juist above the conduction-bai:! minimum,
while the data reveal a ce~e of 0.1 e/ below the band

3exSnl-x ~,.edge (within the uncertainty).

E~. s 1 ,2 -lik~e)> C. Doping anomalies
S S.
jR 0S As the band gap decreases with increasing Sni compo-

L sition, the deep levels lying in the fundamental band gap

LN +4. of Ge pass ;nto eithe~r the conduction band or the
Br valence band of zhe alkcy. W'her this happens, a doping

r r4+
CL

0.10 TABLE 11. Comparison of our calculated deep le-vels (in eV)
Sn0 X 1.e in G0e with experimental values taken from W WV. Tvler, J.

Sn Ge "hys. Chem. Solids 8. 59 (1959) The Te deep level .ii our

FIG.7. redcte sustiutinaldee imuriy lvel in theory is resonant with the conduction band so tle ground

G.n _o 7. Predite substittrya uion ee impurit plves in state of the Te impurity has its L.Vo extra electrons in the
Ge, n, , fE6 s-lke) ymmtryas fuctio ofcomosiion eff'ective-mass shallow levels.

XThe zero of energy is the valence-band edge. The
conduction -band -es at r and L are shown Impurity levels Deep levels
in the p for pure Ge are driven into the conduction band as Impurity Present theory Experiment
v decreases. Occupancies of the neutral impurity state, are S058 5
shown o~n the right: electrons are solid circles and holes are Se09058
open circies. An extra electron (denoted by -91 wouk, occo- Se 069nan 065
p,, a state near the conduction-oand deeT eoat0
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anomaly Penerally occurs. There are two types of comn-__ .

Pion drnping anomalies: ii) deep-R.-Haow trainsitons.
which~ occur when a deep level crosses, a hand culge. and
Iii) false valences that result from a dccp level crossing 0 .15 Ge
the fundamental band gap.>

For clarity of discussion. we shall assunite that the pre- 0.4
dicted deep-lecvel energies are rrecisely correct, whnileL
cautioning the reader to make allowances for a few o.02
tenths of an eV uncertainty in the theory due to neglect
of lattice rela,.alion and charge-state splitting of the 1ev- 0.0 _____________

els:' for example, the Hg Ex level, according to Fig. 8, 1
is both an c'ectron and a hole trap, but might actuallyI -

lie below the valence-band maximum, donating: its twoVLiB B CN F
holes to the valence band and becoming a double accep-VLt .B CN C
tor. (The holes are then trapped by the long-ranged FIG. 9. Predicted deep levels for substitutional impurities
Coulomb potential in shailow acceptor k'elsl from row 2 of the Periodic Table in Ge. Impurities to the

right of C, namely N, 0, and F, are not donors (counter to in-
1. Deep-shallow Irarsitions tuition). N and F are traps, while 0 is inert. B and Fi. are ac-

All impurities with deep levels in the gap for '-e un- ceptors, C is inert, and Li and~ the vacancy trap bothi electrons
dergo a deep-shallow transition as the Sr composition adhls eesi h ad r o osae

increases. For example, the p3,12-like E, Hg level is
drivep into :he valence I.hnid (Fig. 8), wljiiie the other trons. It has a falc~e valence of zero with rtspect to Ge.
deep levels are driven into the conduction band (Fig. 7. Similarly F has a false valence of - I instead of -3,

When the Cl, Br, and I deep E, levels pass into the adas a eplvli h a fG.Teeaen
conduction band with (cecreasing x, the electrons that fnals a'cs fo imepurtel n the leaid of th;.hreae
occupy the deep levels are autoionized, tall to the Paleoi ablee becaimuteso the lelle s-ad-ie statei
conduction-band minimum, and then are trapped in theroi al e, bdamoe upe ile sn- and P-icrses inth
shallow levels. These- impurities cease beIng deep hole thvaecbndm eupi nrgndrosnote

traps (plus single donors) and instead become triple gap for the vacancy levels (Fig. 91.
donirs-the status they wou.J hold in a naive effective- 11. GUNN EFFECT
mass theory which contained no deep levels.

Similarlh- S and Se are deep (double-hole) traps in Ge Gunn oscillations it-1 result when electrons can
but beconwe double aonors for smaller -(see Fig. 7). N transfer from a high-mobility region of the Brillouin
is a detp (electron and hole) trap in Ge, but becomes a zone to a low-mobility region. The-mobility is
shallow donor for x <0O.6. The Hg Es levei traps two
electrons and two holes- (if the theory is tal.ezn literally) e I 1/m
in Ge, but Hg becomz!. a doubic zcceptor with increas- weeei h lcrnscagadi steeetoi
ing Sni content. Final % !he vacancy, which is a deep weees h lcrnscagad~ steeetoi
trap in Ge capable of capturtng four electrons or two1. xn-
holes, becomes a doubie donor when both of its levels
enter the conduction band ibut is only a hole trap when
the Es level is in the conduction band and the E-, level is 08
in the gap).

2. False valences 
.L

Substitutional oxygen displays a false valence of zero
with respect to Sni or Ge, instead of -2. To see how
this happens, consider Fig. 9, which displ:':s tie predic- o03
tions for substitutional impurities from rowv 2 of the
Periodic Table in Ge. The s-like and p-like levels in the
condiction band of Ge for a colunmn-IV defect (C) move o.o0______
do,.% in energy as one move, to the right in tie Periodic 0.00.10
Tabic. Thet 5-likc level lies,,.n the gap Foy N, but crosses, Sn XGe

:1wga itotl ':iene an fr xyenan FSii- lAG 1U) P'redicted( effective electron m.I' \e\ in the F and L
larly the p-like E, and E, levels descend Into the gap for %alley,, \Sompositimii v The miasN in thie V %allcy i% smaller
F BecauseL its v-like E, Jeep level ha,;s crwssed the gap than the mass of ihie L valley, Iiktiv resulting in a largor mobil-
into the valenc~e band and c-ontain,, two electrons,. ilettial Lv for eltfrons in the r ',alltes The Gunn effect ma\ hbe oh-
oxs ~ein produces, neither a d0U. X (]lo- (Cfferis e-m1as-1 scr% ed for (0 4 .-. 1c ,) 0 The minlimum InI I hie mass of th r
int uitton) nor . icep trap Instej ei-l ii r O)X L~l is ;I. allcy c',,urs, alth ilc ompositui where I ;. viiirg) haind gal

ert, neithler trapping, nior donajting,. nor ,iciepting dCI.- vX1nihe
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effective mass, and -. is the scattering time (due to pho- radiation stimulates further recombination and light is
non, impurity, and alloy scattering). In most semicon- coherently prcuced. It is an unanswercd experimental
ductors the mobi!itv of electrons in the r valley of 'he question whether such effects occur in Ge 1 Sn,.
conduction band is considerably higher than that in the
L or X valleys, oving to the very light effective mass. IV. SUMMARY
We find this to be the case for GeSnl_, (see Fig. 7).19
The effective masses produced by the current model may In summary, we hay- predicted the electronic struc-

be in error by as much as a factor of :); nevertheless, ture of Ge., nt_ , alloys. and find that these materials

the model doe, give a good qualitative idea of how the should exhibit interesting properties for soce ranges of

masses vary vit composition: the mass of the r composition x, including direct band gaps in the infrared

minimum becomes very light near x z:0.4, as the alloy and band structures compatible wth the Gunn effect.

becomes metallic (see Fig. 10). We hope that this work will stimulate further attempts

Gunn devices are aio known tc produce coherent ra- t. produce electronic-grade GeSn1 , materials.

diation. '0° ' 1 As the potential across the device incrlases,
it eventually causes tran~itions to the low-mobility state,
and then the electrons slow down and form a high- ACKNOWLEDGMENTS
resistivity domain that propagates along the device.
Most of the potential drop is over the small domain. We are grateful to L. Romano, K. N,.vman, and D.
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Theoretical predictions of electronic energy levels associated with s- andp-bonded substitutional
point defects at (110) surfaces of InAs and other 11-V semiconductors are presented and
discussed. The specific defects considered for InAs are: anion and cation vacancies, the (native)
antisite defects In, and As1,, and 26 impurities. The predicted surfce-defect deep levels are used
to interpret Schottky barrier height data for (a) n- and p-(InAs) and (b) the alloys Al, Ga t - As,
GaAs,_,Px, In,_,Ga.,P, and In_,Ga.As. The rather ccnplicated dependence of the
Schottky barrier height 68 on alloy composition x provides a nontrivial test of the theory (and
competing theories). The following unified microscopic picture emerges from these and previous
calculations: (1) For most III-V and group IV semiconductors, Fermi-level pinning by native
defects can explain the observed Schottky barrier heights. (2) For GaAs. InP, and other III-V
semiconductors interfaced with nonreactive metals, the Fermi-level pinning is normally due to
antisite defects. (3) When InP is interfaced with a reactive metal, surface P vacancies are created
which pin the Fermi level. (4) Impurities and defect complexes are sometimes implicated. (5) At
Si/transition-metal-silicide interfaces, Si dangling bonds pin the Fermi level. (6) These defects at
the semiconductor/metal interfaces are often "sheltered" or "encapsulated." That is, the states
responsible for Fermi-level pinning are frequently "dangling-bond" state. that dangle into a
neighboring vacancy, void, or disordered region. The defects are partially surrojnded by atoms
that are out of resonance with the semiconductor host, causing the defect levels to be deep-level
pinned and to have energies that are almost independent of the metal.

PACS numbers: 73.20.Hb, 73.30. + y

I. INTRODUCTION (presumed known) lattice distortion around the defect. Thus,
a defect potential matrix Vd car be c -strc'" '" '..bh is

In this paper we report calculations of the deep leve!r asso-

ciated with surface s- and p-bonded substitutional point de- localized to the impurity site and a sinall number ofi:s neigh-

fects in InAs, and we show how these results fit into an bors. (In practice lattice distortion around the defect has

emerging unified microscopic picture of surface deep levels only a small, -- 0.2 eV, effect on the deep levels of i-terest,

and Schottky barrier heights in III-V and group IV semi- and so we neglect it--making Vd a diagonal matrix in a lo-

conductors. calized basis.) The resu.,,ng eibenv:."ue equation for the
"deep" energy level E is

II. DEFECTS AT THE InAs (110) SURFACE det [1 - G (E ) V ] -= 0,

The caluulations we report employ existing and well-es- whose soiuticns E (V,)aregiven in F;gs. I and 2 fordefects at
tablished techniques for treating defects in semiconductors the (110) surface of InAs. [To plot E as a function of . single
and at semiconductor surfaces. |

1
- 6 Briefly sta'ed, the variable V, we have made the usual approximations for the

Green'sfunctionmatrixG(E) = (E-H)-'ofthehostsemi- on-site matrix eliments of the 5x5 matnx I'd: (1) the s*
co.ductor, with a (110) surface relaxed according to the 27 uiagonal elenicn! and all off-diagonal ele-nits vanish, and
rigid-rotatio-, model,"- 9 is constructed in an empirical (2) the th, eepdiagonal elements ara equal to une another and
nearest-neighbcr spas* tight-binding basis.8" Because the half of the s-diagonal element V,. -- ] Details of the calcula-
matrix elements of theempirical tight-binding theory exhibi* tions, whi,:h are identical to those for other III-V semicon-
simple dependences on the orbital energies of the atoms and ductors, ar available in the hite. iture. i-52 It should be em-
the bond lengths between neighbors, the changes in t)ese phasized that this theory is best suited for predicting
matrix elements due to a defect can be estimated from the chemical trends in the energ, leveis of different impurities in
known atomic orbital energies of the defect atom and the different hosts, rather than predicting with precision the ab-
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As S, I1 The electronic occupancy of a level is determined by not-
d ' ld ing its origin for P = 0 and the valence difference between

F 0 C N S. the impurity and the host atom. For example, neutral Zn has

0 - c three fewer electrons than As, or three more holes. For sur-

In nSite in InAs face Zn. two of these holes go into the uppermost + level,
which (with V, increasing from zero) emerges from the va-

03- lence band. crosses the gap, and passes into the conduction
,'T band. The third hole goes into the second + level, which

> 0 .2- (for V, equal to the value appropriate for Zn) lies roughly 0.4

W eV above the valence band maximi-m in the fundamental
Al I .'gap. Thus, the only deep level in the gap of neutral

01 + surface-ZnA$ is occupied by one electron and one hole. Ne-
gatively charged Zn at the surface would have two elec-

-40 - s E -trons in this lex :1. A similar argument for the bulk Zn level
-50 -40 -io 0-0vs (ev) o 0 10 20 reveals that the orbitally threefuld-degenerate T_ state lies inthe gap and is occupied by three electrons and three holes

FIG. I. Deep levels for impurities on the In site within ar. ,nAs 10) surface when the defect is neutral.
layer (sohd lines) V, is the impurity potential for s electrons E, and E, are Similarly, the As vacancy corresponds to V.' -co, with
theconduction and valence band edges. The curves are labeled according to five holes added; i.e., the As site atom is decoupled from the
the panty of the defect stare with respect to theI IT0) plane, which is perpen- host 5 and its electrons are removed. Thus, three electrons
dicular to the (1101 surface plane The dashed lines give the.A 3 s-like) and 27.
(p-like) levels for the In site in bulk InAs. and five holes "occupy" all the levels of the vacancy, includ-

ing those that have been pushed into and are resonant with
the conduction band. Electrons are unstable in resonant lev-
els, so they spill out and fall to the conduction band edge.

solute energy levels themselves. For this reason, it is espe- The defect then becomes a shallov. donor, with levels bound
cially well suited for treating small band-gap semiconduc- by the long-range Coulomb taii of the potential omitted
tors, because a knowledge of the trends can compensate for a from the present model) Our calculations thus predict that
significant theoretical uncertainty on the scale of the band the As vacancy in InAs yields only shallow donor levels in
gap. the gap.

The predicted surface (solid line) and bulk (dashed line) We can estimate the energies and electronic occupancies
deep levels for defects at the As site in InAs are given in Fig. of levels in the gap produced by the various defects of Figs. I

The surface or bulk deep levels of a specific impunty are and 2 in a similar way. We found above that the surface As
obtained (roughly2 l) by dropping a vertical line from that vacancy produces no deep levels in the gap deep being de-
impurity 'at the top of the graph) and determining its inter- fined as bound as a result of the central-celi "rnnal) and
sections with the solid or dashed theoretical curves. For ex- instead gives shallow donor states near the cc .uction band
ample, Zn on the As site in InAs is predicted to produce a edge. Similarly the neutral surface In vacancy produces only
bulk level roughly 0.2 eV above the valence band maximum a deep level occupied by one electron and one hole near the
andasurface + parity level at roughly 0.4 eV Oust belowthe conduction band edge, at approximatly 2' 0.3 eV The sur-
conduction band minimum). The vacancy levels ar the lim- face antisite defect InA, produces a dc.- level in the gap at
its as V,-oo of these curves.' 5  approximately2 0.05 eV, near the ' flonce band maximum,

which, for neutral In. is occupied by tmo electrons. Surface
and bulk As,, produce doubly occupied dcnor state, near

ASi T the conduction band edge, that, within the theoretical acer-
tainty,5 could be either shallow or deep (at :--0.65 eV, above

Atr.A~ 'the conduction band edge, for the sL-face, producing shal-
Cl N}lSeI!iillJ1

Cl N , 1clow donor levels in the gap).

04 As Site .1 trIs Ill. SCHOTTKY BARRIER HEIGHTS

+ : The energy levels of the native defects are relevant to tI'e
03FiG 2 Deep levels for he As Schottky barrier problem According to Bardeen's theory of

:Tisite at the InAsj 110) surface Fermi-level pinnt:1 (in simplified form) the bulk bands bend
T2 (solid lines) and in bulk InAs so that the Fermi energies of the surface and the bulk align.

o2A (dashed lines) The band bending forms a Schottk- -, :ner. For n- -Ype (p-

type) InAs, the surface Fermi level is tcieved to , deter-
02 I: :mined by native defects at the surface, and lies near the level
,JIj j ,o be occupied by an e- ,ra electron (hole).
I ' ;I ,For r-fnAs the Scntottky t,:rier icight is approximately

-oC 0 . -v the enei gy o'tlie condUc.tlOU band e_." -elatn •tothe.owest-10 0 vs (Ov ,0 2o emltY' urfac'. defect leve!-the ,'rface Fermi level. Assum-
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2.0 Fig. 3. (See also Refs. 1 and 2. 1 ThIe theory rather dramatical-
ly mimics the data and their major and complicated chemi-

pt. (ucal trends for a wide range of III-V semiconducting alloys.
50 Ut. (Au (For p-type materials, the predicted alioy dependences arc

. -. .less dramatic and quite different-and appear to be fully
1.0 consistent 'vith existing data.,

Further evidence supporting the role of surface antisite
S Theory defects includes ill experiments showing that the barrier can

, ,be "annealed" at a temperature characteristic of antisite de-
fects, : but not at the vacancy annealing temperature, -4 and

0.0 - (iil experiments demonstrating that the concentrations of de-
4fects respcrnible for pinning the surface Fermi levels of n-

-0.5 J_ J GaAs and p-GaAs are near!: equal25 (see Ref. 30).

AlAs GaAs GaP InP InAs GaAs This is nor to say that any one defect is responsible for

FiG 3 Schottkybarnerhcght 6. as func',onofalloycompostionj for Au Fermi-level pinning in all materials. For example, in n-

contacts to n-type AIGa, -,As, GaAs, -,P,, In, -,Ga,P, and InP2"' 9 it appears likely' that reactive metal contacts pro-
n_,,GaAs The experimental data are those of J S Best, Appl Phy . duce ?vacancies and make the Schottky barrier height near-
Lett 34, 552 (1979) for Al, Ga,-.As, W G SpitzerandC A. Mead, Phys ly zero, whereas nonreactive metals produce primarily
Rev A 133. 87211964), and D A. Neamen and %V W Grannemann, Solid antisites and Schottky barrier heights of--0.5 eV. Extrinsic
State Electron. 14, 1319 (1971) for GaAs, _,P,. T F Kuech and J 0. impurities, notably S and Sn, are also thought to determine
McCaldin, J. Vac Sci. Technol. 17, 891 ;1980) for !n, -,Ga,?. and K. the Schottky barrier height of InP under certain conditions.3

Kijyama, Y Mizush;ma, and S Sakata, AppI. Phys. Lett. 23.458 1973) for We speculate that the "cleavage-related defect" in
In, -, Ga, As. For this alloy, thedataofH. H. Wieder. -.ppl. Phys. Lett. 38, GaAs : *'3 ° involves GaAs and that the "chemisorption-relat-
170 ) 1981), for metal-insulator-semiconductor structures, are also shown. ed defect" involves Aso.

ing only native surface defects (i) InA,, (ii) Asi,, (iii) VA, (As
vacancy), or (iv) V,,, ,the Fermi level is Itj near the conduction V. RELATIONSHIP TO Si
band edge, (ii) near the conduction band edge, (iii, -.ear the A similar picture, namely, Fermi-level pinning by Si dan-

condw'lion band edge, or (iv) at m0.3 eV. If the concentra- gling bonds at Si/transition-metal-silicide interfaces, seems

tion of Vt, at the surface is less than the concentration of As to explain those Schottky barriers as well. '3 This work also

vacancies plus half the concentrtion of As,,, the As, and helps to explain why calculations for frtc surfaces can be
VA, levels co-npen'ate the V,,, leel-so tha, thesurface Fer- used to interpret data for semiconductor/metal contacts. In

mi level lies at the conduction band edge. Thus, normally, reality, the defects responsible for Fermi-level pinning are

the surface Fermi level ofn-InAs is nearly at the conduction not isolated point defects at an ideal free surface, but instead

band edge, tht Schottky barner height is approximately defects adjacent to vacancies, voids, or disordered regions of
zero, and the semiconductor/metal contact is, by definiion, the semiconductor/metal interface, which are effectivelyOhmic. "encapsulated" by electropositive metal atoms or other

Forp-InAs, the Schottky barrier height is approximately toms at the contact. These atoms are out of resonance with
the energy of the surface Fermi level for holes relative to the some of the semiconductor atoms, and function primarily as
valence band maximum. The surface Fermi level for holes is a repulsive potential that pushes the defect state (frequently a
(i) near the valence band maximum (-O.05 eV), (it) near the dangling-bond state) back toward the semiconductor Since
conduction band edge, (m) near the conduction band edge, or they are out of resonance, they act electronically as pseudo-
(iv) near -0.3 eV (slightly less than the 0.42 eV band gap) for vacancies, mechanically "sheltering" the Fermi-level pin-
In,,, As,,, VA,, or V,,, re~pectively. Under normal circum- ning defect without greatly affecting it electronically. "' The

defect level is "deep-level pinned" by these encapsulants-stances we expect the A6,, and V', defects to compensate
V,, causing the surface Fermi level ta lie nearly at the con- explainng why different contacts produce similar Schottkv
duction band edge. Hence, p-InAs should have a Schottky barrier heights. The paradigm for such "she :enng" is an

barrier height of approximately the band gap. interfacial vacancy sheltering a Si dangling bond at a

Mead and Spitzer,2 have reported a Schottky barrier St(l I l)/NiSi,(l 11) interface, illustrated in Refs. 6 and 31.

height of zero (Ohmic) for n-InAs with Au contacts and a Here it is important to realize that bulk point defects. spe-

barrier height forp-InAs of approximately the band gap-as cifically bulk antisite defects, cannot explain the Fermi-level

the theory predicts! pinning data for GaAs, suggestions to the contrary 3' not
withstanding While, for example, bulk As,, appears to

IV. RELATIONSHIP TO SCHOT-KY BARRIER have a level close to the level required to explain the n-GaAs
!EIGHTS IN OTHER I1l-V MATERIALS Schottky barrier, this level cannot pin the Fermi energy be-

We believe the defect primarily responsible for Schottky cause in contrast to the pinning level of surface As,,) it is a
barrier formation i lnAs, is InAs, but that As, and V'A, donor-being fuily occupied when the defect is neutral. A
play secondary roles, as discussed above Evidence support- deep acceptor is required to pin the Fermi level of an n-type
ig the importance of the cation-on-anion site antisite defect semiconductor " Moreover, the fact that As,, in the bulk
, available from the predicted alloy dependence of Schottky has a certain energy level does not imply that it will have the
lrne- hieiehts for Au on n-type semiconductors, shown in same energy level at the surface or at a GaAs/metal inter-
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face. Surface and inter-facial defects generally have more " 0 F Sankey. H. P Hjalmasrson. J D Dow. D J Wolford. and B G

deep levels in the fundamental band gap than the same de- Streetman. Phys Rev Lett 45. 1656 11l9801

fects in the bulk, and the energy levels of surface defects 'H P Hjalmarson. Ph D thesis. University of Illinois. 1979

t-cally differ from, ",hose of bulk defects by .- I eV. "4 This is 'R P Beres. Ph D thesis, Texas A&M University, 1082 The computer
- program used for the present calculations is reproduced ass an appendix in

the case because the p-like T, level of a bulk substitutional this thesis, since it was also used in the intrin'. . surface state calculations
defect often lies outside of the band gap as a deep resonance ofBeres etal. [se. e g., R. P Beres. R E Allen. aind J D Dow. Solid State

in the conduction band; the surface or interface destroys the Commun 45, 13 (9831 j The comment cards in this program provide a

tetrahedral point-group symmetry of the defect and splits complete description of the method of calculation

the T, level, often driving one or more of the split sublevels J, Pollmann. Adv Solid Stat. Phys 20. 1171f19801
int th bad gp.M S Daw and D L. Smith, Phys I -%B20, 5150 (9791intothe and ap."M. Lannoo and P Lenglart, J Phsi., Chem Solids 30, 2409 '19691

We therefore conclude that the following zeroth-order 'ITie Nelf-consistent Green's function technique for bulk defects was devel.

model provides a very satisfactory description of Fermi-level oped by G. A. Baraff and M. Schluter. Phys Re-, Leit 41, 8921 11978) and

pinning and Schottky barrier formation for both III-V and by I Berrihoic. N Lipari, and S T Panielides, ibid. 41. 895 119781,

group IV semiconductors: Various native surface defects "A Kahn, E So. P k'fjrk. and C b Duke, J Vac. Set T echnol 15. 580

(antisites, vacancies, and dangling bonds). or their complex- 11978) . RLbnkB rt~ n a oe hs e

es, pin the Fermi energy at the semic':,ductor surface." The B 17, 3 103 (1978;
basic picture initiated by Bardeen," aid further developed "~D 3 Chadi. J Vac. Sct. Technol 15, 631 (1978)

and championed by Spicer," 3 is thus found to be funda- '"H P Hialmarson, R E. Allen. H Buttner. and 3 D Dow, J Vac Sci.

mentally correct. The task of future theories is to work out TkThnol 17. 993 19801
'See Ref 4 or 5 for the precise prescription which %%e have used to deter-

the corrections to this simple picture due to, for example, mine the native defect levels quoted in this paper
work-function effects and the details of specific metal/semi- 22C. A Mea, and W. G Spitzer, Phys Rev A 134, 713 (1964;

conductor interfaces. 21W Monch ito be published;
'W Monch, Surf, Sci 132. 92 (1983). This paper, and Refs 27 and 28, also
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The height or the Schottky barrier formed at transition-metal/Si interfaces v'aries over a yeer' small range (-0.4 CV)
considering the wide range or electronic structures possible from one end of the transition-metal series to the other.
Furthermore, the barriers are observed to form within a few monolayers of metal coverage. suggesting that the barrier is a
property or the local bonding and that the true metallic states play only a minor role. A model has been developed to explain
these fac~ts in terms of the Fermi-level pinning mechanism of Schottky barrier formati )n. The physics contained in the model is
that of a S! dangling bond sheltered from the transition-metal-silicide by in interfacial vacancy. since (i) the dangling-bond is
sheltered from the metallic-silicide and (ii) the atomic energy levels of the transition metal are out of resonance wi,h Si. the
dangling bond (which forms a level in the Si band gap) will be only weakly perturbed by the silicide. Thus this interfacial
dangling bond can pin the Fermi level at nezarly the same energy for all the transition-metal-silicides. A tight-binding
calculation of the electronic structure of this defect at the NiSi.~/Si( 11) interface has been perforned for an infinite interface
using the transfer-niatrix technique. The results of this calculation are described in terms of a very simple molecular modc'.

It is a remnarkable fact that the S. hottky barrier [5.6] at (110) interfaces between II! -V semicoti-
heights for the whole range of Si/silicide inter- ductors and metals [7] or other overlavers. A more
faces varies over a relatively narr.-iw rance of about detailed account of our work w% i be given
0.55-0.87 eV in n-Si [I]. For a Si bandgap of 1.1 elsewhere [81.
eV. this places the Fermi-level in the lowe'r part of The following observations place severe con-
the bandgap between 0.23-0.55 eV ..bo% _ the va- straints on any Theory of Schottky barrier formia-
lence band edge. Here we argue that sucl, barriers tion at Si/sulicide interfaces: ( I) The bnrrier heiehts
caln be understood in .erms of Fermi-level pinning for the silicides al! lie withit. 0.4 eV (if (, e another
[2] by a small concentration of Si dangling bonds for all the different transi.uon metals. stoichionte-
that arc -sheltered- from the transition metal by tries, and cr~stal structures. (2) The barriers are
vacancies at the Si/silicide interface. This explana- observed to fo.rn at low coverages before a ci-
tion. which differs suhstanutialy from previous the- plete metallic silicide is formed. indicating that the
onies of Si Schottky barrier formation [1.3.41. uni- local atomic bonding at the interface. rather than,
fies the understanding of Si/transith.;:-metal any' collective interface property. determines the
Schoi tky barriers with the generally accepted barrier 11. (3) There are only slight variations of
model of Fermi-level pinningz by native defects the barrier height for Jifferent compounds of a

0304-3991,/84/S03.00 -! Elsevier Science Publishers 13..
(North-Holland P'hysics Publishing LDivision)
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given transition metal 19.101 indicating that the In thi. implified model. only four atoms are ex-
transition metal itself. rather than stoichiometry, plicitly considered - those surroundir, the
crystal structure. etc.. dctermines the barricr. (4) vacancy - and only one s5p hybrid orbital per
The barricr heights for n. and p-type Si very atom - which is directed toward the vacancy. We
nearly add up to the Si bandgap. This means that first take all four atoms to be Si (tetrahedral
the pinning level must only be partially occupied, symmetry) and later change three of these atoms
so that it may act as both an acceptor and a donor, into Ni (C), symmetry) to simulate the Si/NiSi:

We propose that these observations can be un- interface.
derstood quite naturally in terms of an interfacial Taking all four atoms to be Si. we construct the
'acancv which shelters u Si dangling bond fitm A, and T. states of the bulk Si vacancy:
the effects of the transition metal. This dangling I (a )) W O) + I0,) + 10, ) + I00 1. (1a)
bond has only a weak link with the silicide and is )
only slightly perturbed by the tianstition metal s-. rr.(al ) - (I/V42)(310,) - 10,) - 10.) -I10,>).
p-. and d-orbitals. and hence is insensitive to the 0 b)
large variations (on a 1eV scale) one might expect
to occur when the transition metal is varied or 1T(e).) - (112)(10 - (Ic)
when the stoicliomnetry or the crystal structure of IT2(e).2) - + - 210). (1d)
the silicide is changed.

To make these ideas specific, we consider a where th: orbital i,> is the hybrid orbital of atom
particular example of such a defect - the example i. The energies of the A, and T, levels can be
illustrated in fig. I for the case of the abrupt described by two parameters ch and t: here we
Si/NiSi:(II) interface. If the vacancy in fig. I have c. - K O.IHi¢1) is the orbital energy of an spl
were replaced by a Si atom, one would have the hybrid, and -t - (,IHJ) for i *j represents
bonding configuration determined by Cherns et al. the interaction between two different hybrid
[11]. For the reactive systems under conside-ation orbitals. These two parameters represent effective
here (tranition metals "eating" their way into SiO. interactions and are obtained by fitting to the bulk
a reasonable concentration of vacancies (- 10" Si vacancy deep levels. The A, level is resonant
cm - 2) appears quite likely, with the valence band at EA, = c,, - 3t. while the

Here we consider a very simple model of the triply degenerate T, level lies in the Si bandgap
electronic structure of the defect shown in fig. 1. and has an energy ET. =- + . We list in table 1
This model is justified only by the results of the
more complete calculation described elsewhere [81.
but it reveals the essential physics of the problem. Table 1

The calculated A,- and T,-symmetric energy levels for the
2 3 unrela-,ed S; vacancy by several workers: the calculations are

N . either pseudopotential (P) or tight-bindine (TB): all energies
are in eV. and the top of the valence hand i% defined ti be the
zero of energy: the Si bandgap is l.lcV: the two parameters c,
and i are simply obtained from the A, and T, energy levels (sec

So vocanc test): the important parameter c. if the energy of a single
rIS'2( MI') dangling hond and is found to lie in the lower part of the Si

bandgap in all casesSi (:1') 0

S. Type of calculation Al T, I (
TB level level

Ref. [12] -1.10 0.70 0.45 0.-11
Ref. [13] -0.60 0.8(0 0.35 0.45

Fig. 1. An example of an ;'terfaCial vaancy sheltering a Si Ref. 11") -l.6U 0.60 0.42 0.16

dangling bond. Replacing the vacancy bv a Si atom gives the Ref. 1151 -0.51 0.75 0.33 0.4
geometry of the NiSi,/Si (I li1 interface determined h Cherps

a. .161 -0.96 0.51 0.3 0.14et al. P I I.
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the A, and T. levels foir three different p%%eudo-
potenial ealulioins :1.-141 and t~~o tight-hind. Mic

in$ (15,161 calculations for the unreha.med vacancy ____________________

in Si. From thest levels the paumet':rs o, and t 'v'
can he extracted using 94 - i LA + ir)/4 and I2

i (E - - E6 \)4. N4ote that it .which is th tn-d IMchc .uit rgy of a single Si dangling bond. lies in the lower
part of the S: bundgap in all cases._____________________

.We ,iext change three of the atorro surrounding
the vacancy into Ni atoins. We do this '.y raising a b

th hbrd rbta eegies of atoms 1. 2. and 3 A
(see fig. I I from h* to c,% + V. where V" w eV [81
represents the (large) positive difference between a SI iVcny:tram cac
Ni and a Si sp! hybrid orbital. *rhe symmetry is ~ I ~'aac nefco ~~~
now reduced from Tj to C.,,, and the possible Fig. 2. Schematic energy level diagram of the a,-symmetric
levels are of a, (a-like) and e (-,,-like) symmetry. levels of (a) the bulk Si vacancy and (b) the interfacial vacancy.
The states of e-symmetry evolve from two of the In (a) the hybrid orbitals at c, lit in the lo-Aer part of the Si
T. levels of the bulk Si vacancy (the T:(e) levels i- bandgap but interact strongly through rto produce the A I level

- resonant with the valence band and a T, level in the upper part
eqs. (1c) and (1d)). but are raised out of the gap or the bandgap. In 0- the hybrid orbitals of Si and Ni are no
roughly linearly with the potential V to become longer degenerate and their interaction is reduced by t/ V. This
resonant with the zonduction bands. Since the brings EA, out of the valence band so that it now lies only
e-symmetric levels are not in the Pap und are slightly below the Si dangling bond energy cl (The a1.symmet-
metal-atom derived, they play no role in pinning ric representation refers to the C3. group appropriate for the

interfacial vacancy. Since C,, is a subgroup of Tj. the A, aindthe interfacial Fermi level, and we will no longer one of the T, levels of the b'ulk Si vacaney are also a1-symmet-
consider them. ric.)

The interesting levels are those of a,-symmetry
which are admixtures of the IA(a,)) (eq. (1a)) and
the [T:(a,)> (eq. (Ib)) levels of the bulk Si vacancy, tight-binding calculation wa±s performed for an
However, since the Si and Ni hybrid ibrbitals are embedded cluster of a vacancy anL1 three Ni atoms
no longer degenerate. pertUrbation theory shows (including d-orbitals oin Ni) in an infinite !Li host
that the effective interaction between Si and Ni (8] using the Si tight-binding model of ref. [151.
hybrid orbitals is reduced from t ( - 0.4 eV) for the The Si dangling-bond-like level is found at 0.4 -,,

hulk Si vacancy to t2/V (- 0.03 eV) for the in- The d-orbitals arc found tco play only a minor role.
terfacial vacancy. A scheniati.: energy level dia- Since the *-orbital energies lie well below the
gram for a,-symmetric states of the bulk and Fermi level. they tend to push up slightly on the Si
interfacial vacancies is shown in fig. 2. Note that dangling bond, but with a greatly reduced strength
because Ni (or any transition-metal element) and because the d-orbital is not a nearest neighbor to
Si are "out of resonance". a level is formed in the the dangling bond orbital and hence interacts with
lower part of the Si bandgap which is tied to the Si it either through a smiall second-neighbor interac-
dangling bond energy c,, and is relatively insensi- tion or indirectly via its interaztions wvith the inter-
tive to the transition metal as long as we have vening Si atoms surrounding the vacancy. (The

r ~. This simple model leads to the important d-orbitalb wcre taken to interact only vi~h neare.st
conclusion that for various transition metals. in- neighbors.) More sophisticated calculations for an
terracial Fermi-level pinning positions atre nearly interface between semi-infit-ite slabs of NiSi, and
equal to. but slightly below, the -dei.,ket pinning Si have recently been completed [171 using the
energy" t,, of a single Si dangling bond, transfer-matrix technique [181. The tight-hinding

We briefiv mention the more rigorous cakcula- bands of NiSi, have been fit to the bulk hands of~
tionS on wiiich th-. simple model is based. A Chabal et al. C191, and the tight-bir.Jing model of
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Effects of diagonal Anderson disorder on x-ray emission and photoemission spectra

Marshall A. Bower.
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(Received 30 J -..ry I 84)

The effects of diagonal Anderson disorder and of fir.a..state int,:ractions on x-ra) emission and photoe-
mission spectra are evaluated in a change of mean-field model. The disorder produces distinct sideband
features on the x-ray photoemission spectra, but primarily broadens the emission spectra.

1. INTRODUCTION tional electron-hole interaction term V < 0. The initial state
I1) is a Slater determ.'apt of the N lowest-energy single-

In an effort to assess the combined effects of disorder and particle orbital eigenfunctions I.1) of h, and the various final
many-electron processes on x-ray emission and photoemis- states IFP) are determinantts of N eigenfunctions it) of h'.
sion spectra, we have numerically computed ensemble- The x-ray photoemission spectrum for photoelectrons of en-
averaged spectra for a one-dimensional Anderson model' of ergy E is
a conduction band in a metal. In this tight-binding model, a
single energy level a, (having a random value between !(E)-

- D/2 and D/2) is associated with each tite n, and there is V

a constant nearest-neighbor coupling 63 between adjacent where Er. and Et are the final, and initial-state energies of
sites. The effect of the core hole on the conduction elec- the conduction electron gas and ico,, the core-hole energy
trons is simulated by . final-state (initial-state) interaction V reiative to the center of the conduction band.
localized at the site of the core hole for phL.jemission Similarly, the emission spectrum for photons of energy E
(emission). There are a finite number of sites, at d the is
many-body states included in the calculation are the low- (E),( E , l(F vl If I ) I*6(E - .t + E ,) .
energy particle-hole pair states created by the sudden
switching on or off of V. The model is identical to one em-
ployed earlier for a discussior. of absorption spectra' and is wnere At is the dipole operator Here, we have the iniial

a change of mean-fieid model, state II) b.*tng a de::rminant of A - I le,'s, and the eari-
We find that the emission spectra, like the absorption ous final sta-es IFt') corresponding to configurations

spectra,Z are primarily broadened inhomogeneousi) by the described by determinants of.V !. )'s a.id one core orbital.
disorder, but that distinct spectral features arise in the x-ray I
photoemission spectra (XPS) associated with specific en-
vironments of the core hole. (t,.. i i )

(FvlMII) -AMo 6b,.:!, 0

11. MODEL Vi, 0) Ni, .
For x-ray photoemission, the initial-state many-electron Here. ( o id) is a scai.r procuct, R the core-hokl site, and

Hamiltonian is we have assumed that the core radius is negligible.3 so that
IV Ale is a constant.

H,- '.1h, We have ,he sum .'es3
J-1

where h, is the Andersor, one-body Hamiltonian: f£ K(EWdE=l - , (R ) 2

A- a8 In)(nl+131n)(n+l[ -1ln-l)(n • where the sum is over occupied orbitals of the initial state,
A

andA
Here, 63 is a constant and a, is randumly distributed
between -D/2 and D/2. The f.nal-state many-electron I (EWE = I
Hamiltoman is

The line napes we displa. are ensemble averages (denot-
tI= n,', ed by ( )) over all core-hole sites kt)p:clly 1000 such

sites), for example,

where ,' is identical to h,, exc:pt for the tight-bmding ma- x(E) I(F, Ii I 2Ako 28.- - F, -
trix element it the site of the core hole-which has an addi- I I /

30 6199 1' € The A-mencan Physical Society
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111. RESULTS 4-

Here, we display spectra for V -'- 1, and with 13- 7
The amount of disorder is specified Lj( tl . parameter D (;e-A
call that the on-site energies a., range from - D12 to
+D/2'. The calculations have been executed repeatedly W 2
for a single spin channel' and for finite lattices with 40 sites
and 20 electrons (a half-filled band). The core hole has
been confined to one of the 10 innermost sites. We have
broadened the calculateo . 'tectra by convolving them with a/ .*

Gaussian,$ for ease of presentation. En~semible averages of
the spectra over typically =10 core-hole sites for each of 0 M

100 different Anderson lattices have been performed. -1.5 C.0 1.5
The peaked bottom portion of the emission spectrum (E-1'ow ecare 2 I

(Fig. 1) for D - 0 is a band-structurc effect and corresponds
to the band-minimumn van Hovt. singularity6 with its FlC 2. X-roy phoioemission spertra (XPS) as~ function of the
(E - Eo) -" behavior above (le band bottom. The high- emitted electron energy E for viirkus disorder parameters, ac in
energy peak occurs at the Fermi energy and is a i x-ray edge Fi.1
singularity 7- a multielectron recoil effect. With increasing
disorder D, the van Hove singularity is broadened, blur'red, electron-hale interac.. i~. This produces a peak at F -4w~
and cut off, and the edge singularity is weakened (as in the - foe=.IllT (iii) itterm. iiate transitions, corresponding
case of the absorption spectra). Bazically, increasing disor- to an emp*.' level above. the Fermi level, but within IVI of
der makes the spectrum smooth, broad, and relativaly it, being ,uiled dk~ below the Fermi level by the
featureless. electron-hi,~ inleractic:4. These transitions produce recoil

The XPS spectrum for D -0 has two peaks: a large one of the ele.-tron gas at cnergy a - I V1, where a is the diago-
for recoil involving configurations witti an electron in th^ nal Andersor ene~gy or. the core-hole site,
bound-exciton state of the election-hole intiraction and a The larger (smaller) p.-ak for D - I i- Fig. 2 corresponds
smaller one for configurations involving only br'nd states to congurations with an electron Orc electron) occupying
(Fig. 2). (The separation of these peaks is approximately tne .r-oest one-electron level that lies below the Fer-
the energy of the Ftrrmi level relative to the bound-exciton ini leve! in the tFhal state. Perhaps the niast interesting case
level.) Small disorder blurs this %pectrum, until in the is the highly localixt'i limit (D -- o, ), in which case the
large-disorder limit (see Fig. 2 for D - 5) the site of the XPS spectrum provides informatio-- giving 6i) the strength
core hole is comrpletely decoupled from other sit.. In this I rI or thi: electron-hole interaction (which is the splitting
limit there are three types of transitions (Fig. 3), (i) Zero. between peaks), and an estimate of the number of states in-
recoil transitions that occur if the Anderson level on the itially bvelow and above the Fermi energ) (the ireas in the
core-hole site lies above the Fermi energy by more than peaks at E =Nwi (,it V and (cot..~, respectively).
IV 1. In this case, the electron gas cannoc.t recoil because the Thus, we conclude that YPS %pectra miy be miore sensi-
site is isolated and ie electron-hole interaction cannot pull tive to Anderson disorder than eitther absorption or emis-
the empty Anderson level below tl'- Fermi energy. H~ence, sion spettra. Ordinary diagonal Anderson disorder corre-
the XPS spectrum in this limit produces a peak at sposids to randomness in the on-site m..rix elements a,,,
E -9fw - i. =0. 60i V-recoil transitions in which single- and is not a realistic representati 'ui of the disorder occurring
particle Anderson states on the core-hole are initially occu- in amorphous metals. (Such di- c der is better represented
pied and move down in energy by IV! the strength of the by randomness in 83.) Perhaps the best physical realization

of an A~ndersun alloy is a multicomponent crystalline alloy,

1.0- with the numb.-r of component., su:'ficie-itly large that a
broaC distribution of values f(,.. u., is achieved. We hope0.F.that the pritsent work wili stimulate studies of such alloys.

x. . Zeic-recoil

/ Fermi

0.0~~~~ .- ,..iVrecoil/

-5 -4 -3 -2 -1 0 1 0 j/.4XK7K
E+ score )//2 ~ Emin

FIG 3 Energy-le vel do.'gram for tne conduction band, indicating
FIG I X-ray emission spectra X as a function of the emitted x- the three regiorm zero recoil. I recoil, and intermedite appropri-

ray energy E for v.aiious disorder parameters D The solid line is ate 1o the largte-disorder limit, D - ooEi Lrtd E,,,~ are the b,±nc
for D - 0. the dashed iPie for D - 0 2, the dotted tine for D - 1, extrema and t'Fm is the Fermi energy rur the haif-fled band. I is
and the chained tine for L - 5 tne eiectron-h'.ie interaction
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Abstract-The combined e4ects of off-diagonall disorder and~ele~tron-hole pair production (the X-ray
edge effect) are studied for-4 one-dimensional Anderspn model 61"A liquid Metzl with a half-full band.

1. -INtRODUCTION where h is the Anderson singie-particle Hamiltonian

In'this Paper we report model calculadions-of the X.U1
ray absorption. emission, and'photoemissior~spectra h AjJ + 1)(jI + Ihu( + I 1)- (3)
of a simple model-for liquid metals. TheC model treats
the many-body aspedtsof the X4ray tra nsitions in-a
change-of-mean-field approximation (1. 21, while and Ij)is a localized single-particle state on the jth
simulating the disorder of the liquid by a one- site. The (j)-} are random, numbers uniformly dis-
dimensional Anderson Hamiltonian with off-.diagonal tributed in the interval (-A, -B]" M is the number.
disorder (3). We are interested in understanding the of lattice sites in the system.
combined effects of multi-electron recoil and disorder The final-state H-amiltonian is
on the spectra. A previous study [4]1 which considered
only diagonal disorder, found dramatic efrects on'tlteX
X.ray lineshapes. However, this finding appears to, Hy (hi + v.) (4)
be at odds with the experimentali fact that X-ray
spectra of-metals change very lile %Vwhen the metals weevi telcro-le ia-ition potential
melt [5). While diagi~nal disorder is More commonly whrvis-eelconoe ,;
treated, theoretically, it is realized physically only: in suddenly imnpressed- upon the electroii, gas by the

allos mde'f mny iffrenttyps o atms.The removal (to Oseudo-infinite energy) of a core electron.
disorder found in a liquid metal is best simulated by Wesum thtviloazdatheI ie
an off-diagonal-disordered tight-binding model: the
dia got -! elements of the Hamiltonian are all the v=VI(l 5
same (because the atoms are the same) but the offi-
diagonal matrix elements, vary-because the bond. The initial. and final-state Hamiltonians are both
lengths vary (61. sums of one-electron Ham iltonians, and so the wave.

ffubctioni 0! and IFY)-are Slater determinants of the
2.THEORY singleparticle eigenstates 10) and 1') of h and h + v,

respectively. The initial-state eiergy of the electron
Here we consider the case of x-ray photoemission

spectra (XPS). The treatment of absorption 14] -and gsi
emission (71 is similar. The XPS lineshape isI

(6)
1(E) j<I(IFY')j16(E -:hw - eck + E, --EI) (I)

where -the sum is over -the NV single-particle, spin-
where h w. is the energy of the exciting, photon, e uc~4:ais j occupied in the initial state, and we have
is the core energy level., and the sum is over alfinaI
states tFv> of the NXelectron Fermi sea. In the initiai /iI0,) --iji(j4 (7)
state it>, the Fermi sea is quiescent and.desci-bod by
the tight-binding Hamniftonian The final-state energies are

79
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4- 1.0-

-1.5 ore )ZIP-0.5--

-150.0 1 .5 -3 2-

Fig. 1. The X-ray photoe:mission spectra as a function of Fig. 2. The absorption lineshape as a function of the
the photoelectron's e-iergy E. The solid line represents the absorbed X-raf's energy E. Th.- solid line is for 3 fixed at
calculated spectrum flt .3 - - 1/2. a constant. The range of -I1/.. The range of .3 is 1-3/4. - 1/4) for the dashed line
0 is (-1/4. -3/4] for the dashed line and [0. -11 'Inr the and 1-1. 0] for the dotted line. Note the X-ray c,! e
dotted line. The photon er.,rsy is hw and the core electron singularity (for 3 = /2) at the left of the spectrum.
energy is em.Tht clez:ron-Woe interaction strength is

I - - I.the ten central sites of the lattice) and an average of

where w have(E) is performed: and (ix) the entire procedure is
where e haverepeated for new random lattices (01 . .. and
(ht -i-, vfl .j , 1) - (9) an ensemble average of 1(E) is taken. Con% :rgence

studies have shown that adequate convergence to
and the Pth final state is the configuration (P, 1: p, identify all the major physical features of the spectra
2..; P. N). Spin can be neglected, because the occurs fo~r N =20 electrons. M = 40 lattice sites,
recoil profiles 1(E) for each spin channel are indepen- and =100 choices of (0, . .. 44f-1) (4]. A similar
dent and produce the towai r;:coiI profile when con- scheme is used for calculating absorptio'n and emission
volved with one another [ 11. The matrix element spectral lineshapes X(E).
(1IFP) is

3. RESULTS
(11F&) ~' 0~li~,.~) 0:~'4..a) .. ~Our calculated results for the XPS. srpin

(10) and emission lineshapes are shown in Figs. 1-3.
respectively. Taking units such that the electron-hole

~ ~ (~,~ .~ ~interaction is P' - 1. we consider. for each type of
spectrum, three cases: (i) 0 =-I1/Z. which corresponds

The calculations of 1(E) proceed as follows: (i) using to an ordered one-dimensionai lattice; (ii) 0 randomly
a random numb'er generator, the set ({1o.. .q,'} distributed from -1/4 to -3/4 (moderate disorder).
and the Hamiiltonian h~ (eqn (30~ are generated for .i, and (iii) 3 distributed in the interval [-L. 0]. This
- 40 sites; (ii) the eigenvalues iand eigenvectors lo) last case corresponds to extreme disorder. in that e'
are obtained by direct diagonalization of ht: (iii) the - 0 corresponds to a cornoletely broken bond-
core hole site I is specified and Ih + v is diagonalized. which, in one-dimension, completelIy disrupts the
generating eigenvalues t' and states l ,): (iv) various electronic wavefunction.
configurations iv. 1; P. 2: . .. : v. N:~ o: .1 electrons In studying the X-ray spectra. one should keep in
are generated for the v?...us final states. starting With mind the corresponding densities of one-.zlectron
the penurhed ground state 'i ,. th., grb~und state of
the electron gas in the presence ,f the hole or ;;) and 1.0 r
its low-lying excitations. (0. the excitation energies
Ek. - E, and matrix elements '(1lFO are calculau-cd
explicitly: t\ ii ta~e XPS 4pectrrn 1(E) is then eva!uated
(for a finit-t .. v.,= of electrc'.is. it :s a series of delta
func)tis) pr,, iroepeed for highr eonerinals- .
funin) thi br d ra ed tor hipghr centrinul
tstates until the sumn ruleI

R IE)dE= 1 (11) 0.01 V.5
-1.5 ~ 0.01.

is adequatel> exhauste':: (vii this procedure is re- E' + e' ) / 2 I ,6I
peated for new core hole itts I (restn-cted to one Of Fig. I The .-mission lin.-shape _,.tE as a function of the

_________________________________________ mitcd X-ru s energx E T he sofi, line is for i fixed z
r The broadening funcuir is (2P"exp-% a) - The ranee ofJ :s h - j/ -;j for me Casheo lir.

~ith 0 = 08 r- 0] ior the dotti, ;ine
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1.0 dzsorder. 4[- 1/4. -3/4]. until for very large disorder.
,(40. -I]. structures associated with states localized

0.8- in the disorder appear. kSee Fig. 2.)
L-1 0 Th," emission spectrum for zero disorder. 

" . "! = has two characteristic peaks, one at low
energy associated with the vat: Hove singulanti in

r 'the band structure [8] and a second one corresponding
to a divergent X-ray edge singularity [10, 11] at the0, O2 ' i/J

Fermi surface (Fig. 3). The densities of states are
0.0 ' given, for refercnce. in Fig. 4. Recall that the con-

02 -1 0 2 duction bard is half-full of electrons.E With increasing disorder $e-3/4. -1/4] the van

Fig. 4. Broadened" one-electron densities of states D(d '.s Hove singulonty in the emission spectrum is blurred.
energy t for 4 - -1/2 (solid) and for the of-diagonally but the edge singularity remains. However, at ex-
disordered. 10.000-atom. one-dimensional Anderson model tremely strong disorder, the states not at the band
with modest disorder t[-3/4. -1/41 (dashed) and extremedisrde de(-, 0 (dtte).Anyasymety ithresectto center become localized (see the density of states,disorder Jet-I. 0] (dotted). Any asyvmmetry' with respect to

0 is awi..ciated with numerical noise. Note the appearance Fig. 4) and the emission spectrum has a major peak
of a peak at ,= 0. associated with delocalized states, for associated with the delocalized Fenni-surface electrons

extreme disorder: all other states are localized. (whose waxefunctions overlap the core hole signifi-

candy) plus additional structure associated with lo-
states. Fig. 4, which exhibit first an amputation of calization.
the van Hove singularities (8) for moderate disorder In sumrimat., off-diagonal disorder dces lead to
(Wi-3/4. -1/4]). followed by a general flattening localizatioa of the one-electron states and to alteration
and the appearance (for 01[- 1, 01) of a peak at i = 0 of the X-ray spectra from those expected for ordered
corresponding to delocalized states at the band center. metals. In particular, both one-electron features (such
These delocalized states are important, especially in as van Hove singularities) and many-electron features
X-ray absorption and emission spectra, because they (such as the X-ray edge singulanty) are irtected.
overlap the core-hole site, whereas most of the other However, the disorder effects are mod:st even for
states do not. To be sure, the overlap of a delocalized considerable disorder. 4t[-3/4. -1/4], ano do not
state with a core hole is not so large as that for a lead to major new features until the !isoraer is so
state localized on or near the core-hole site. but once great. 4ef- 1. 0], that bonds are rather effectveli, and
thorough localization has set in for i -F 0. the localized irreversibly broken.
states significantly overlap only nearby sites-and Thus we believe that these calculauions, although
much of the interesting physics involves only the executed for a simplified one-dimensional Anderson
core-hole site. its immediate neighbors, and the de- model of off-diagonal disorder. provide a modicum
localized states. of theoretical justification for tthe tact .hat X-ray

The XPS spectrum is asymmetric (9) and blurred spectra of liquid metals are jftei similar to those of
by disorder, which broadens the distnbution of ener- cr.stals. At the same tim th" (al'. ,ta ions suggest
gies at which the electron gas can recoil in response that XPS experiments should ..arch ,'> the ,ecoilless
to the shock associated with the sudden creation of peak found in the theor. eor the F, of high
the core hole. For zero disorder, the XFS spectrum localization.
exhibits two peaks: a large one corresponding to low- .4cknowedgens-We are itefil to the U S )'ce ef
energ. i:.citations of the conauction-electron Fermi Nasal Research for their g.rierous up;,r' (C.n:taci .N
sea in %%hich the bound state due to the electron-hole N00014-77-C-0537).
interaction remains full. and a small one c")rrespond- REFERENCES
ing to an excited Fermi sea with no elect, cn .a the
bound-st.Lt orbital. I. Dow J. D. and Flynn r. P P/!, C: Si'hd S ve 13

1341 (19801.With - "Jerate disorder. 4EV -/4. 3/4]. t-e XPS 2. Swans C. A.. Dow J. D and Flynn C P Prv
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Electronic states of the (100) (2 x 1) reconstructed Ge surface
David V. Froelich, Marshall A. Bowena) and John D. Dow
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We present calculations of the surface electronic state dispersion curves E (k) of the (100) (2 X 1)
reconstructed surface of Ge, and compare them with recent angle-resolved photoelectron
measurements by Nelson et a/. We assumed Chadi's asymmetric dimer model of the surface
reconstruction and performed our calculations using the analytic Green's function technique,
with an empirical tight-binding Hamiltonian.

PACS numbers: 73.20.Cw, 79.60.Eq

Recently, .ome success waa achieved in characterizing the circumvented this problem when inestigating Si b:' r,.ating
geometry of the (2 X 1) reconstructed (100) surface of silicon: their :ample in L plane in whici the two domains were de-
Using an energy minimizatiou: technique Chadi' determined generate, thereby avoiding any ambiguity. Nelson etal.7 also
that an asymmetric dimer, Fig. I, was the most eiergetically rotated their sample, but in such a way that the resulting
favorable model of the surface georietry, and predicted its ,pectra do not correspond to a unique determination of the
surface state dispersion relations E (k ) However, Himpsel et Brillouin zone.
al.2 and Uhrberg et al." produced angle-resolved photoemis- Our results are displayed in Fig. 3, and are labeled "A"
sion spectra in disagreement with these first predictions , f thrcugh "F" for the path T" to ic ."it, one surface Bnllouin
Chadi,' %hich had been made assuming the asymmetric zone IFig. 2) and "1" through "( * for the path r toJ' in the
dimer geometry and using a simple sp' tight-binding model other Brillouin zone. The predicted surface states, as dis-
of the surface electronic structure. For a while it was be- played, are shifted down in energy by 0.5 eV (a typical theo.
licved that the asymmetric dimer modl is not realized phy- retical uncertainty) from their calculated values: Studies of
sically. However, Bowen et al.,' using the sp3s* model of Si indicate 14 tht the Vogl tight-binding Hamiltonian pro-
Vogl et al.,' and Mazur et al.,' using a multineighbor tight- duces surfacestates of this group-IV semiconductor too high
binding mode!, subsequently o,.mortstrated that the asym- by .- 0.5 eV, but othervise provides a good semiquantitative
metric dimer (2 X 1) reconstruction is compatible with the description ofthesurface-state bandsE ix- ). (It is possible that
photoemission data, and attributed the original failure of the a more sophisticated" theory could reduc- this 0.5 eV un-
theory to the oversimplified fp3 model of the electronic -trtainty sonewhat.)
structure rather than to any deficiency in the asymmetric The Ge data of Nelson et al.' are also . .er in Fig. 3. As
dimer geometry itself.

Recently, Nelson et al.' used angle-resolved photoemis-
sion 'o obtain the electronic structure of the (2 X 1) recon-
structed " (100) surface of germanium Their analysis of the .0 4
data led them to suggest that the reconstruction of the Ge o.46-
surface is similar to that of Si, i.e., an asymmetric dimer. u045
There are, however, no calculations of the surface state dis- D OOWN I

persion relations E (k ) for Ge comparable with those for Si.
Thus, we have extended the theory of surface states to Ge,
assuming the same asymmetric dimer reconstruction af for 00
Si. UP 0

We used the sp's * tight-binding Hamiltonian of Vogl.' t(oo1 ) U L K OOwN 2

The surface states were found by diagonalizing an effective
Hamiltonian which was obtained by using the analytic
Green's function technique' and an evanescent wave meth- (110) [ito)

od.'" We created a surface by orbital ren.oval," and ac- FIG I The 12 II asymmenc dimer e.onstruction of Si proposed by
counted for the effects on the Haniltonian of the reconstruc- Chadi Ref I i In treating Ge, we hale re., Alea all len ths in proportion to
=ion-related bond-length changes by escaling the 2 45kA2 35 A&, the rauo ofGe toSi bond '-ngths The arrows indicate the

relaxation of the , irface la)er atoms from their ideal bulk positions to their
nearest-neighbor interatomic matmx eiements accoi ding to reconstructed positions The plane of,:he ngure r-erpendicular to the sur-

the d -' law,' 2.3 where d is the bond length. face UP I .nd DOWN I aresurface ato',r UP I beingdispla6c% away from
In companng with tne experimental results, i is neces ..r. bulk and DOWN ! toward the h. ,.. Li 2 iend C 2WN 2 are subsurface

to realize that the Gel 100) (2 , lsurface consists of domains atoms bond.e to UP I and I "WN 1 reiPtivel, ,nd.ieasumed to be in
their bulk po,tions Fo~r Si tvieN are 1 92 -%, abo~e toe pla=ne ,",.he pa,"r If

of reconstru -ion in which the rectangular unit cells are on-
one we., to build a bill and stick model of':nis Si surt. e thee sites wouldhe

ented perpendicular to each other' (see Fig 2). Therefore, repeatedever) 3 84Ainadirection perpenaicular te ic pianeof the paper
there is some ambiguity in determining the surface wave vec- In the iOl dtreAon the surfaLe la~er atoms alternate between LP , and

tor fot each experimentally determined state. Himpsel et ui.' , 1. thus .,i half the siirfa.e unit e.l is shown here
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(which is degenerate with 6 at F). The lowest-energy point is
'----- - ( K) assigned to 5, D, or E. The ten mid-energy points are asso-

ciated with resonance 6 and perhaps somewhat with E. The
remaining point, at T, is associated with either E and 3 or D

and 5 (see below).
We have also determined the eigenvectors and charge den-

sities for each of the resonances. For the most part, in those
.J K regions of the Brillouin zone for which experimental data

were obtained, the charge distribution is centered primarily
on the "UP 1" site (see Fig. 1. Resonances F and 6 are pri-

marily UP I everywhere in the 14 illouin zone. The charge on

E is mostly on the UP 2 site a- T but shifts to the UP I site
after crossing the D resonance. D is largely U? I everywhere

except near its minimum erergy where it is mostly "DOWN
r(r) (J) JJ'( ) 2." 5 is primarily UP I near/"and shifts to DOW"" 2 about

FIG. 2. The two perpendicular Brillouin zones on the 1100) 12 X I) recon- one-third of the way across th- zone. 3 is mosdy UP 2 in
structed surface, as discussed in Ref. 7. character throughout the region for which angle resolved

photoemission spectra were obtained, shifting to predomin-

can be seen by their relative positions to the projected bulk antly UP I and other character below - 1.7 eV. 1,2,4, A, B,

states, all of the photoemission data are resonant with the and C have significant charge on all four sites UP 1, UP 2,
DOWN 1, and DOWN 2, with the relative. :mpio tance of the

valence band, except perhaps one point at the valence band various sites changi,g with t.
maximum at J. The following features of the data appear to
be adequately explained by ti" theory: 6' The five high. These results lead us to suspect that the resonance ob-

energy ponts are associated wi.h the resonance labeled F served at - 1.3 eV for T is due to the D or 5 resonances
rather than E or 3, since their charge lies primarily on the

surface, whereas the charge for E and 3 is on the subsurfaze
00 Vlayer. If this is so, then all the observed data can be associated

OO -. - --- with layer-I surface resonances such that the charge is con-
centrated on the UP I site (which is farthest from the bulkrand therefore is most easily observedi.

-0.5 I Nelson et al.7 gave a qualitative interpretation of their

_ photoemission data that is similar to ours; however, they
attributed the two bottom states near T" as arising from the

- 1.0 same resonance, whereas we find each arising from separate
I resonances. Both they and we agree that the phi. ic.mission

E .. data come primarily from two resonances passing thi ough
, • -. the zone, but our work indicates !hat these resonanc,-, are

from differently oriented domains. Moreover, we predict
other, perhaps weaker, resonances, as shown in Fig. 3.

The dispersion in otu," curve, is qualitatively consistent
.. ' . -. .... with the photoemission datw, but the gap near 6, E. and F at)

is too small by a f'actor of 2. Given the simplicaiy of the
-2.5 - . 'model, this is adequate but not alsolutely conclusive agree-

. . ment between the ,h'ory and the data. However, we plan to
explore the sensitivitY of this gap to the amount of asymme-

I. , tric dimer relaxatior. I the hope th.t I: can be used, in Lon-
junction with experiments and total energy calculations, to

S) () determine precisely the surface geometry of the Ge (100)

Surface Wave-vector k (2x I) surface.' 8

In conclusion our res'ilts lend ,upport to ,he hypothesis
FIG 3 ThecalcuL.,cdsurfaceqa' -nergiesE (ineV)vssurfaccwavevector that the(2x llreconstru.tedd0l(3),urfaceof .- ,-manium has
k (The states are shifted downward by the theoretical uncertainty, 0 5 eV, the asymmeLtric dimei geometry, with relaxation roughly
as discussed in the text (Weak hybndizations at level cros ings are neglect- comparable witi. that of Si.
ed 1 he theory for the z o perpendicular domains is supenmposed for corn.
panson wit!i the photo.mission data. The [" :o 1 states arc shown as
chained lines and are numbered The T to . to T states are shown as solid
lines and are lettered. The latter set of cur~c. is symmetric about I The ACKNOWLEDGME'TS
isolated points with the error )rs are the photoemission data of Nelson el We are grateful to the Office of Naval Research for their
al lRef. 7L rhe maximum enert. of the iunshifted projected bulk '.alence
band -. ge is displayed as a dasned hne for reference purposes tAll states generous support (Contract No N00014 77-C-053' and a
below this line in the figure are rtnant with bulk states i fellowship). 'Ve thank T. Chiang and L. Feldn, a for helpful
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conversations and we are grateful to J. Nelson for discussion A. Bowen. jD Dow, and R. E \]let., Phys Rev B 16, 71083 (1982)
of his data. '"The present iurface scate calculations are nroc self-consiscent and do not

allow for charge transfer This can somctire(,- affect surface states. (See K.
C Pandey, Phys. Rev Lett 49. 223 (19821; 47, 1913 ! 98 1)] ldere accu-
rate surface states ,iight result if the posciis of tsc suface atoms were
definitively kiown. M1voreov, r, the approximations 01 :he mcijel Hamil-
tonian. 5uch as the useof thed - law lRefs. 12 and 13) for t.caunt recon-

"Permanenc address Department of Physics, Western Illinois University, scruccioni. are diccaced by sinipliLity rather than quanticati~e .iLuracy-
Macomb. IL 61i455 although any reasonable bond-length scaling argument would lc~d te

'D J. Chadi, Phys. Rev, Lett. 43. 43 (19701, .1 Vac. Sec Technol. 16. 1290 qualitatively similar surface statedispersion relations. Therefore, the pie
(1979). dictions here should be viewed as semniquanti~ative guides for interpreting
'F. J. Himpscl and D. E. Eastman, J, Vac. 'Sci. Technol. 16, 1297 (1979) datar and for suggesting experiments. rather than as qua-iticitcly reliable
'R. 1. G. Uhrberg, G. V Hansson, J. .1i Nicholls, am.' S. A. Flod~trom, pre-. oorns of surface scate energies The model, do~r , ts simplicity, is
Pliys. Rev. B 24. 4684 (198 1). recommen' I by ics history of succssfully descnbing L Z. )for the) (110)
'M. A. Bowen, I D. Dow. and R E. Alien. Phys Rev 1326, 7083(19821, surfaces of Ill-V semiconductors )Ref 19) and zinc ;.halcogenides lRef
for a review of the S000)l surfaice state literatcure, see the references cited 2.0), and the (10)Si surface )Ref. 4), it also successfully predicted the sur-
therein. face state dispersion curves of InP (Ref. 21 and 221.
'P Vogl, H P Hjalmarson, and .1 D Dow, J Phys Chem. Solids 44. 365 Iln addition to the difficulties determining whether the rL.onstruction pat-
003.i cern is (2 X 1) or (4 X 2), it is sometimes difficult to determine unambi-

'A. Mazur, J Pollmann. and M, Schineics, Phys. Rev B 26, 7086 11982) guously which states aire surface scates and: which ,ire bulk w~tes, especial-
'3 G Nelson. W 1. Gignac, R S. Williams, S, W. Robey, J. G. Tobin, and ly if both types of states lie at nearly the same energy. See Ref 17.
D. A. Shirley, Phys. Rev. B 27, 3924 (1983) "1.0G. Nelson, W. J. Gignac, R. S. Williams, S. W Robey. J G. Tobin, and

"The reconstruction symimetry of the (100) surface of Ge is currently in D. A. Shirley, Surf. 5cr. 131, 290 11983).
dispute. Some researth laim the surface re.- nstructs in a (4, '21 pat- "D. V Froelich. M. A. Bowen, and J D Dow (unpublished). Preliminary
tern This issue will be resol% ed only by further eypenmental invesigation. :cauis suggest that the gap between E and F near) is sensitive to the

"A 'R. F. Allen. Phys. R-v 8 20. 1454 11979). amount of asymmetry for the Ge-Ge surface dimenzation. and, if taken
'0Y. C. Chaii knd . N. Schulman, Phys. Rev 82.5. 3975 (1982), 26, 4400 literally (Ref. 151, indicate that the 11001 surface geometry of Ge might be

01982) =20% closer than that of Si to a symmetnc dimer model.
"JI. Pollmann. in Wvdrces .n Soiid State Physics, edited by J1 Treusch "R. P. Beres. R. E. Allen, and J D. Dow. Solid State Commun. 45, 13

tVicweg, Ilraunschweig, 19791 j(1983); R. P. Beres. R. E. Allen, .1. P. Buisson, M. A. Bowen, G. F. Black.
"W. A. Harmson, Electronic Structure and the Properties of Solids (Free- well, H. P. Hjalmarson, and J1. D Dow, J Vac, Sci Technol 21. 548

man, 19801 (1982).
"The Hamiltonian of Ref. 5Sis constructed with its parameters obcying the -'OR. P. Bet es, R. E, AIIltn and J D Dow, Phys. Rev B 26, 769(11982)
d -scaling law iRef. 121, The accuracy of this law, which is highest for :R. P. Beres, R. E. Allen, and J. D Dow, Phys Rev 8 26, 5702(19821
small bond lengin changes. is discussed in R~ef. 5. G. P f. %astava. 1. Singh, V Montgomery, and R. Ji. Williams, J. Phys. C

"4J. P Buisson, J. D. Dow, and R. E. Allen, Surf. Sci. 120, L477 (1982); St. 16. 3627)(1983).
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eaergry leNvls ha t lie hieat Coo' Iitiblt.e of t he bu id gap (of' it semileunductur.
WVhen we begtim work un this protldeau. :I deep Itevel wats dejiied ats it level that
wit.s not 4hallow, nat wly t'ne mocre than~ o..1 VV fromn the iteatrest hnid edge-a
level thlit could not be thermlly ionized at room temperature. (Tint deffinitionl
hans .0iiee been revised: -see b'.'luw.) Our own interest in the deep-level pa'oblena
reultoml fromn dtita of Wolford and itro.erinan for the N_- impurity iniG~ 1.. V
ailloys (1). Tlti impurity appeared to Ibe .0allow ill Gar. iinvihig a binding
energ-Y of only _- 11 nit-V. even smaller 0mr. the 35 ~e meTel"'aa theory
binding onergy of the Allow donors~ S ond S.However, it became a genuie
deep level i thi w li for xr = (I.," 11d in'~'jto the vouadiu'tioai baInd nx a
resonance for x< 0.22 (A.ve fim. 1 (27 3]). Thus tlae N imtiriry level was aippar-
curly shallow (for xr m 1). dep1 (for ,r = v.3 and no level at :JI (for xr < (i2
ns mc varied lilloy composition xr continuously from Coill ~ 1) to GaIAS

Ga AsI_,l,l . - The alipy 'l' uisl : Qa As,..,',. has .1h balii .411,11011m.r Th. I is

fromi Uit iaet*a mhtidgEirmteft if CaiiAs (with Ih le viitetioIIlaIN ItiiaIuan
at 1F- (0. (1. 0) ini the. frilloaij zone') loC the indlioet-g~pip ximeturv' of Gil
(with~ tlt(* wmiidumlisint ballo mintiu inann'r thme X1.Y1puit: "~h~( .. 0)) ksoe
fig. '_). Th.*inti b am l pn Gli' x a -illI 1 It1' ilifa'a-a''d. Pure-t OI.As w -Itl.Ilit SleIv~

t1iheic'ilize'd e'h'u ,'onifu1. Idr. 'I., - 'k ean boe.jtMUNI t (If . titk' ei '
plint Cmu .7~ ... wil t l kS Ce s('ilii ln 7t'III i IIt sie m ' i. ir t Itt' ie 'i i ti, z .~t. li,
'oa1t u'n si. Ga I'l"~ ani ,ia''nit 1 " I' bIlCi $ 11tie14'' lit'40o :e':ia 11d

111te1i11(11 t'u i si it A u,'ifile'tIII ly Cl11If lIl it wave v'e('1 01' vi t 1 l ia'aiiimlxt
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Fh.2.-Eecoitic c*::cry Md. Mi :um s M:kl of Ga:As :ad GO'5 Ito: Z to 1F to X
aing he( um (i .no to Xj atd (in1) (ox. F to L dhrvniw:n. ofthe 1301in: zon% e. r i

M.L. tonu: ;and T. T. ]) : wera U:: :Q W1q. ~. 34], 769) (1966W). Nott t'hat tile~ biatd
gap of G'aAs k i di tel' ho ,tt Iill2 the ira-rd 60(1U: has ana inidiriet --ap unto11 tilet vae''
iino~d lI2;tioitttIat r tv til lt ~dwivnot 11a11ol iiIuIurt al: X. ill tilt. ri~ible lregion (d

Ilhe Zpectrill:.
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lle t ,(*.,Ises hln.lt w'!. .-itihl z to thp riygeni deep level. beetimii a itt uine

iletit trap (by tit( old dlefinitfion: flit''' thaa: 0.I VV froi tit(. (.0Ondilts'l uit aitd

t*(Iv. for: xe := 0.5. _Ar x .~ = i: t'V~' ilt- N levelh it:'ito rit(. cl:iltiii

ba tdl. lit other Word.,. Ntppetl'-s its be sithIiw t'iierget i:':tlV Lot' = 1, i.' tdieq)
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2. - The Vogl intdel oi' electrontic Structure.
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whm2-(- wet ha~ve (SNIi h liv) thle B'loeli sl I(

(:~) !k;.% = \'fibk(ubkkN.

]i:t III( !nIhl) thil-t.1iIndbuIm~sjs wye linve Ihe I.JI 1Iidjiaial1tIl i i
1~=, 2. 1 ()

1i(trc' N%.( have. for h (2.-[la)( 1 , 7.., 7.3) and (1,tL - latttice colittu

A(lc) C O (.-k1/2) UR (.k 212) os ~~/I ~ i i (7-.,2) iti (rk.-'*,') s ~ J2

!/(k) =- sill (.A'j'2) enIs (T.')sin (al-32) ~- IF co,; (alk112) Ain (ak.12) cos .l~ 2

9J3(h) - i (c,')sin (.d.12) cos (alf) 2. + i cs (nk112) eos (.rk-,/2) shrk',

We have

(saR !H'isaR) E (J. a)1

(.scR'H~scR) = s. c).

(pcR!poiR' E(p. c) .

4 (saeR I/ p, eR~ . V(.xa. lic)

I (..'ilIlp~c) =F(x. it)

a It
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1,"iIrm, .1. Qi.1iitt.iv i iegy handiir s ii turve at k =0 oif GalI'. I :ikiii-_

with tIQ. I uf rd'. fij]. F-o- Ga' tb., Vogl rh=1r-bill,1i 11-- mat iHY --blI'iviil :11-
.. - 6 . I1]24. E~pal) 3.121 A1,.Jd.C) = -2.Jiei E i.C *11".

240.~. a) = $.1 5ib 110~. c) =7.lSAH, 11s. s) := -- 7.*J 7109, 1.r >% ) =: 2.151 ".
l'(x. Y) = 5.3S,011, r'(xt,. cIe= 4.277L1 1(xc. P") ==i 631"M. 1jx"U. Jul) *IXti1

ant udl*Pa, XU r) .= .119511. (Fov m1 bier st'mieoluii. 01',. se-4' :''. .)

.Z'ii~ek, 2. COvinue the Itan tt u't:' .it ite X-Imitii . k 0.27"')~(. 1i).
(if ti'tv IBrilbuin zxuji.

.Pmn 3. Mikte lwmt the loung int I he HaWilt uuit U ma Wn~ in~H the

IubR) ha si.. ftir a NY n~tim ri'pla viig P in (,,il at- R = D. Assu me that til- howiu
lentgth dteS noit cialwet when'l X i'eqliims P and tic tt the marim eh'enth Wow-iv

ing *s0 reni)ni~ Uflflrenqj (btwviuxs mO shiviish. iw(Ohal vieih's ul (listaulY nigh1-
boni). N7eglect dkistetiois between the )lost basis to'-birals juibR) aind the cur*
res 1 lding iil)UritV orb~itals (ill subsequenl~it 'vork. wVt, -,bll ac(tuailly be usin~g
the iiUlitivitiy Orhitid s or tli( impui'Ity SAL') Show that thi' matrix As 4 x 4 . O
(Na~goiiaI. Stiplise fiurtlei. rtlilit thiC (lizgulil nlar1'ix vt'h t'iir 7" aw F of ..\H
al11' givm:'i by r le '(0~~ 0iIsO tah~~i~~f)

Ida) 0 i.801.6v. N) r(.V 1"i)

(0b) ii0p 'p )- 'P.l))

wvheli the a tOnlieit'cit'll elh cut ies I' fol. amY 1 Pr ;1(. 4. ir(s. N ~7S'
10(. si PAU - V.IS .wv. P) =-1S.IAA25 uNO 'dp. I') = miu;5 FihlHY.

1., f' . &..At and 'eAni,(l A"i'1 II . 0 an ud F". fVitla'wareIpiiltii.

3. - The I1j.-Iiiarson .1 Wi. theory of (leap impurity lcvul .
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(7) (( ~~J-(ci~y=(E - E,' '

whvt1(' fl 1, the cvniititi ltilJl ely'vet :.. ~Z is the exeess vii knee (I thle
itnplrity- atom wvith respect to the buot aTomI ir 3'pilavi.S (Unity flo' S Ull all.
An. Mie ini GaAs). a is lthp GaAs We;ti 'ieletatrkt constnt, and Q iW the
efli'qV of the Conductivit baad edge (at I.- =0 in GatAs). This vil'ctive-ass
state has a total Nwavo fuinction thny. is primarily a product of this envuoil
fun-etion and tho periodic part of I Blocli fuinction evaluiatted at thlt 'wave
vector of tilt conduction, band minimumi (9. 111): it is made up1 primailyI
froin on"( bjand (the GaAs Conduction, band. in this cam-). The efc~vA~~
~.Iate j, ],ydrogei"i and virtualily I ('o" ,hstlke. The' imputrity level is
aw .'ihd. to tho conducin band vd-vi! with I small binding~ enorgy of order

1.0 Un~v (P3. eVn~OPM)4PN whore m, Is~ the free-electron mass) and fol-
lows the edgQ when tilt edgt-- mjoves ats :I resullt of externally applied preisure
or a l'lin, eq alloyig (;.uA. wvit), GaNh. The shallow levels control the

-le.I pa ]roperties of the semiconducttor. and,o;lthougl: the imipirity ptotentialI
in the central eell often deviates greatly (a fe-w eV) from the Coilombic ralule.
-- Ztpr, only vte longinged Coulonibite potelitial. seenis to hare a signifeant

(fe III thc. sllow :,tires. (This should b(- bothersome, becatise ceentral-1i'
pntui~~sof order 1 eV :nupr 1)rcue otne' efftct onl that ~tae)Morevuer.

the 'linilow stares nre localized in k-spate ':,lt delocalized in real spate.
The effvcive-mass theory aecounN for nmny of the data for impmity 4tw'0.,

inl the halnd galls of set iielndticrors: however'. it does nor aceount for many
falor'. finlud1ing Elie followin;:: i) .(lme irlerticinpuiries. sitth ;I." Y
1'ejl:: in,- P in Gall. produict' !evel., ill tilt -vall Ilei.. the f ,It thtat their valilv
'lifft.-vi'ae Z are' zeru. mid1 i Nn levels in chin g:ip lie far (mre than 03 M*
from :a hand t'lcand are itdeep levels *. Early attemlptS to o'xplailt tlie'C
farets at i'vitiped to 1odiiY thle effeeive-ina.- theory to producve larger hivaii,

.k e'ttal Ponitt of tile Hjalmat'son thit''ry (33. 3 2) is, that orery 't'D'iI ~ itl
'11t It Ii t onlah imnptn'irv ptrcities iotI. i'' (h.te , antd ,hallow' lve.. ;Intl
thla Ith tl deep ierchv . dbo ant 1b,.~xitii /ei the fui'siisteietai iuid gaps. hi,

may hea roaximmit 'iri oth hien.)t isa e,4.. 'Ihe( d'.'-p anid shl,:tII..w state CSlttt twoi (jita Ii-
t.,lirtl dv.vifftet'0ti of*i''0 itilniiry .? tit* 's nar Iclexist. bill .0'V I'al'i'll eellwsi-rvol

fulnfciiln.. 'a1.1t an.e' vn l .111:1iln Itha iteem (of wave liet IlaltI.' iI'(113 nuiny

114-NIus Isai'aa!. an.' efre'i, :1,nti 1leeeiou, ill ilharntite :t'lc. :et'' I ely hueasiike.

is ie~ ' le,.' wvhle-ii lht*' 11111%'':I. a ''tl of ples n' t-!' ah' Ii . Iv -e'p i 1111111 it I

*t~es .1's lec.ci?.'e I, ''gI 'Iaut'.1jl ' l e'te''1dti in, Ii' .s t.'. Tlev apa'll: tl



472 JtIlN 1). DOW

it bljdi1 lfl -e-rtV ) of ; t deep level Irehitiv to I :1 Ile;Irlbv 4~::d vd-v is oft enlar
(It-en1 ls of vV) ill nIla-liruiwe .11n vI1b ma ... ae:a:ivv. \Vtien :I ji1 level f;'ill Owe
fualilaienlt; al ld 11.iti col 11%1-1 Veiillls we (are .1s.l 1ti tlitll

Il( lill dinmt ive rt-coilat fll (if eleil rutas a III holes. Thuls fII Q]I 14vOs 11i11(

Iow as 11 ( ,

In) these lectre.*. we lim it muitel-O to levels a ssolig:ived withi .p'.~lii ji
mulb-tit llbotI I iuapuritives. (Forq di 'eu.,s~hIifn 4 l Ollrstit i ; l / Ill] lll(d fillli-live

anid transition me.tal impirit ie., see ref. (13) anid (24). tepeiey)Thiiw. iii
the( enerpy vicinlity of the(. 'Unad Igap. for sitbstitut io-ml impulrities iii t etrahetj
st-coll 111ct ors. Nve expiet exat ty four flee]) level., toi 11ilmlj~ie froml tilt, xji

lIildii three of wi.;l'Ii artveellenw.:l ;I -Iih, 1 tA-0 eel1 31(1 a p-hiket I ni.
'legencrat e T: hovel. (A, anad T'- Ill- jrv-11ibit.pivi ]t'elutai jtI. of 111t. tet

iltdl-al g-,Ou]J VT.) if I lv.e etip eej ol to II d~(ite to thie v(-ntrm.]cell jiot (ii j 1
all happen to lie- above tife conducit ionI haml. vdgv. :a ill thle rose4 of GaP-:Sp
(S onl :I P site inl GaPl), then the univ le0e+s ill tIV Al gap re I ,hll~oAVW 'jS
:issoda~ted with hie hing-raii-od ('onh.imb potentia -atid S is terlmd a sa*
impurity because( only its~ sliallow levels are ob.,Vrv(ed ill thfli If im I..' I hev
deep levels due to tiaC central-celi po-tential falls, within ztae imndamental lh'aiin
Lglp. as wvitl I, GaP: O. rhe-a the imnjim-tv is. t'-med *V.p I But ;t vvia.I~'
pointr is flint hoth shallow an1.1d, i-plveslf tlhe S.1m11 m.puklin coexist (fig". 31:
they a.re disi-net (nitlihough deep le":l nar a b:,).,-d! may lhvhriffly' with
shiallow levols). Is(Ielectronicefets queh as GaP :Xr. have nto 1011g vangedt
Couilomb patential and k-ence no shalltrt it-vo : all ot' i I vir defct levels(-o~pt
pos4sibly leve s asociiattd wil 11 a s:. ia in fit-h! murrolunding" hemi) are '. lwq)

3*2. Ellergi scalesl' al til wthtr~( -f o t~i hil'OJ. - ] ltv io ' fil ml io- ;I~I lae.'oi

of d'*e]' impurity lev,*ls. (me.' sh~I111ul fir' r det lkilim thv impot lit ii ws

To begin wvit Ithe bondling in ll tOnlilv is NJ, it. elli fill er. a ild a
prere treatiii of a localize-1' defect t4aiiv a t eollit i111k i. 'Ph" - "eti
(istriido o01(f = i ep onsevv 21o (.V. I lie lob lij~ill.4 mid soif I le ale ieu
In::lids and 0.. lowvP . 4'tilidtlilioll 11:111ds.

The defev- j'otenii i n lip ft. i l l v:&ii lie. crudt'I v e.'ki lifflI d:o th le
fiiitetwt-1eil the at waic ener':ie, .f IIe tiefert anid Owh husk ii! it relslae..

35 - 3A' fl.'Z. N :-.i1d 0 t:111, 41.1 the P' Ai-) ill (':- IAi .1 0"~ im- 1 ii. SI. 'The f~i.I

et~si. i:;t!!*v ill I lit, ev .. 'if Iliv shalIItI ijl - P : i. Ni andh Il ii (.IP-] wr alime N"..
I lil. 't, litive' tha~t a1 Jiet-1 rl1111-ii II 'I. .- er:. 'ivt i w (1 eli"Ab c il it self oii . uialt Id

0set' (uI .11111 Owol (If l .1 ilii: i' it, appil A 1: gthe 1w s:lhit vNIIIIbII

lli (. ieP. Il tit, .vv ees . (jii: 00 iltil'e killt o.0A iv e f wclie n I.\Id
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0

F~ .- Seowultio illitstration of the di~erence betwreen , shallow and deeq.
'.1bonded substitntiolial (dollor) iinpnrit aes, -%fivr rof. (3]. The slijillow ei~iylevtd1

in the bond gap are dWsed The deep Ivrels of .I, ...Iike) aiid T. (v i syluluectr
are denoted bF hearvy Unes. bi the cue of a oshallim inipuri7I the delp lorels arv
resonnaces and lie outside the Lundanientl band ;al); for a e deep impurily aat least
one deep, le vel Iirkwii tii gap. The Iowst level is occupied IT the extra Wounotr
(dark (drae)~ if the inmpuritF his t valence one greater than the hoat atomt it reyncei
(e.g., $ or 0 onl a P site i GO)h.

a hove the voiwduet in Imund mbinimm: rho exi~towe of flest.e va:mnevt. h.N

a bolsabo e Ouitiun lt ili iIilim r(IliIl-ea I;vW 'tvimlli jolt '1' 6.il dee
T1he old definition *a tr 'tit !OVQ ievll the' bilkhn n'01nt0i b a l Z21 p mor A. 011t
11 A\ from the nearest bandl edgze was o deep v. Notw. following I lA.~~o
1 UL. Wi' dc/e :1 deepl level a"' (Me. uin"~ Isil".~e 6s Im~awtt voly liii mana ~l.
POl prmnhia vs a . rtpulq * dt'ep w 1els o In nmy Itw"v vty sinaI (< "I ) 
hilldintr ellerv~ies (".In'ln as lOw 'N i~ve int (;1 1tl'l. miay Ile :Ol~ve I he 1iintluit1 ioin
ha ind edga uvith it bti~ iitdtg tvt1i~s ., iistant mith Owit imt~ WA~tS
(s deep rw!ounneim 0). 'Thoy many atlso INt reonamn wh It thin Wnev I;ilds
(bindine CtwmIN~ gr'nttr Am AiPt th W myel~ ).

rit 'Idtl itmill to it- '*ata.**l (-vli.a. a . '."v'rr I1he iitla .v ilt it:nl v]t . vis ittPl..

iflt'l ti e1114r- ll l v .(it, SI . intw Ox~'uu~o Z;t. ('1n111t :jtSin, Ia! til.jl



thle Irrld tr,,lI illei l v~~i teigy levvv. flii I'lle iitlilui 11 :Ii itlIher 'Ill

theory il whii lit-e ihidet liiitevilli i litailix is ia~gonial (ill n Iv;Iiixd iasis,)

andit is I''atiked In Lite WHOi P~Iell of IS ilefee-Wealle of M le semiilig MIKe.

fir the vogl a.:11iiliiait.

n110 tit-eet-et tdt~vartl dhel raaIliing I l1w hIels 'HIJ VE amm" fi*e ir < "i AV. how
oer~, ti -. banid gap (lie~ry is iml -I 'va ltv of ] t y.,iea] relev. I te to) I if( fiep.

imlitIitV ptilkeIl. lieemiise deepi level, I'whedi l h "i biiiiiii ini * gntli or resoitaill
a':t ii led In htanti iges. I asteat We In.114io gani vegy live (Iliites tilt-

salev f oAur'cbilify oif tinnIII-(.) deplves inilliv Way' tit thi;Iic alttiit dell~~

jilinlnity h'-Nvs ik that 11 1-y lie 1 thriglit Ow lie 1 . ~ t ofIiit* xju howil.
bill I )lit onily I hvt siih 1rie? ;,)in fir I hiese levels I )tat lip's wviiit i 'h I. wvindotw.

f the( hiandi gapi is o~.t't'Vahtlt by c(iniot-tiono:l n1t':ii. Ihev it completi tel

ilest'tiptioiit if 1f'4p-lt'v(' ('Nperilli'tlt(ill Il stt. e hi'f ehisi.'i'vabIilily (if dItep

I"*ehs r'e, tirvs a th]eory wilt I ai nettiia i of 0).1 (.1 o111 '11 --n v, fir (1,5 N
voilteililol'ar theoiry ii; v;.hiat'~ (if stian ia'viu';t Ili Ithi. et 1a 41e1i11e't'%a NVti..

abl i s it fie' tenthA of an A', Thii'fcre. fhe goiti of t iicory shouild not. )if to p),e.
diet thi absolute energies of deep teels in the band gap. beve.-,se tliis oal is pie-
ently unattainable. rlather, thieories should be vonstrnc'ttd mitli the intent of
simply dis~playing the jlhysies of dleq) lerels, i~. i!:g eheinitvtl trend(s in data
a nlil, ]relliptiill qtalitutivo OlenttI mn.1i-:4ueh :ts sligest ing Ihei.' oiniiol , 1iiidei

whieb a deep remoiine *Nil(,d l'elid finto Owrt hanId gap anad bevoinle A 'iolli
deep level.

"Munse oif this ilitriule liiiittioits tii a'oltelt.hporar theory. HJQ%%s.

cl ill. vonsrn'ted a tlieoiv of deep lW4e u tt ('tiiiM~ed inly lu'pear len t vl

atp'uit y 11111 a'aiia of if th defemt. The theory v'an be a.-lid has 1beenl motdifitt

in JIiiMu hi tn'e relaxatin nu n lo e a t( silint ings and Owt haoiuaged Itart
Uf the seri'etd ('oltloidb int(Tval~titill. 111T rthe requirent'nt Ili .. iti h y i.% be.st

1111.t weithltheIi~ Hjahnlanqiln mlod.'). In fa (t * the modelt )l'., pretiiits havei. l iritefi

lIn 390 POD Laxoo anad JXrIC-LR.MT [3,4) ]Iredii'teh the deep vilergy level ill t li(-
tiilliondl vat ality using a1 Ai1t1114. I ig1t -Ili ,iditg inudel . 'J'.'Ii. opprunvh1 predict,
dtelvel .. ill gond :tgreettttnt '1 %ilith it o~ iteeItt t'zivlti ii f].24]. and
their ligi'i *hittiitt itit .;' proidued aint'Mi ial"G ;iiHmv for jup dlvwiipmwl of

boued antd liIt-. mii-i-Ie voi'iiitit. wi %tt' stiel tII,' aiti ii) a ijti'iat ' erill.
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i!Iiliatt'.vu~ denindu~lin1 (In ill jtuirlitii lIV(IIy.) Subls, quelnt tiglt-I'iRlding

I hilil."e uof ([(--It iluluulrit y* h'vvls 111-1 11 ~vary~;~ing egIr'v-' of Nucce'. hill a

*ign fiv.11 '' i pxwlln 111111 a . :I ' '--si ' of the wor (o 4- I l. i

p * Ia e'ny-1 Iflil tn i jt .i mIii in iitN ehontic ir din i Iii ('I i nevI i tj

illipiviity level's is ;-. Grvi 's fttilejuli tv ry (if lite t ypt. pl'rJim..'' oiintz 1J

liv* Iui.6iJ1. and 6i.xi'Jtl. Thyv huo.t hIauiiihtiii lirix 11 i, the Vogud
Hamtiltontian. eq. (4). Beal~~~ts( ltriit? r'elaxationi ail it 1i11gs ofE hiiiiiu 4i~gnt

Wtie beenu negh'ted. thet kfu't pi'iiiitial I minrix T% ini the* ph Im~ MS i:ie
.1t eavil 'itv*. is Zero' uxi'l.Il rt th )ii* l-itti %ite :111 Ris IS Il'upinn)! at they illipii

1Tut is tilt- KI-ietekr f'l'ta .usui-in an ; td we* hauve v t ,1. ;.1
1' i td 1,~ -uil given by Wq.(). The MIuimiltuniain iNs

Beca~use thle defect potentia ivi: rix is loeviix.'d. It Greeciis fiavi in~ meitioll

is ii.(-ful. Yu111inn~dl to And the impuiir lerels ii ai crysti id 3" un~it ML. milli
two aitom., po civl aid thxe orbitauls per ;:trum. Onc m1UNt Nc.by bit force
iti 1t-Yyx1I.Y inatrix e'(jua~rioni. With .1 Givet' ittiuction lnwthlod. (11:v livedl only
solve a4 x-I 4 natrix: the qize idf rh.* teiteyt rother than uthv ize (if rho ery-,raul
In fa cr. relvilieduiri pinaitgru symlutty mdml*eQ 00 i4 Y 4 imad tui air

! ' Ililarrix equliow'i.fl.

aTu (i'ewiM hwet. hm wUIris for th Imt'm'et uhie Pryml 1.

(In; O(E) = (E - H) - 1,':

Uh2 6"-) .- R)' !.'(. -G;

(~tuif ths h~* iiui jlljI:'t ~thv1 I *ihmi i' ihtlvI'-i.
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vli dtpt AI Ii) tdb

T'il';i , I)lltix ofiipi Owi i'siili .ui u ill 11w. ,hi s. %%t- fihlill

vigeuVlvn lut- 4'wUiIoitil,5 f(ill OI I:i .. Js E'l'V.

0 5 ~ ~ 5~D -1 ' (xD~k).' ""[.E - j
714

;I 11d1 ), (E'), N"- ba~ ve( {2$)

(17) P dl r, 'Do,(.V)/fE - E-1

(V) ;' P .d. ! 'IE -Z

(19) DO(C (D6(E- H),D) = 7(n D,k;., \E- Ejj)

To Qt-(- ]uuow Ouso remltsr, and(1):m~ (1S1. ar't, ur(iimnd wore dirv(t ly.
it iz un.(hinl to takew matrix 1 vioits (if D\y.wou% ((t-.;-til (22) ill the ,s:'.R) baisj.s

nIl Io t-oiisider lilt- ilili;'y ,!ItV bR =.D: \\- i:-ave

(2) (sDf(it '1D) s D Oui -D ' (utDi GTh;r,.(vDG .D;

whek it, I'lid I. raligo OW.'c. x*P,. p' .1 11l p~:. Devlh.I'I'S u". ii' IIiniu-hl 1tiei 0 h0
aajart i t'll-aa isfl I lie us'Iu':11i('dr , puoi:.; gi-t1l1a T,,. L4 :aiii (E' - l17"- oiit* Invs'aiantlm

~ IlS 1 i ~tsaultiIi~U.(ils) is 0 , is ili:t-ud~ iii it alid s'~.(17) Alid (1$)

11:11 o'i',S ~ is: :ul'i's' lt5'il 'lll'I 11,11111 Vi t .i: 1thi i ll1 fi u ail- .'s ] p ii t

11111s:.1iws~l. I ic1 ". i f hi , :1 liI Ie lst'I1 lsitiili y a (.I 'i-i VsI. Is~ I]j '''2

G(E) = 1.' - 11 ' -M )(E' - 11)

a\ hiert 114-111114s .1 lrinin'u l:sl ' ii. :ls .111d I s J, )II-l''s ssl~.iis



]ru tiols (7) a 1:1 1 S) I; v he~~~~ 4-1:1.1 1 il.:I: (if iv 1 Iju Iin1:ui'-s i I liviry.
To. ,nivetil-I iul. lived. *'' firstv:lu I 1' l ic n: I qivnil ivs i):(J) fil. I liv'

Ih 4rIll1 ilt'lis (uhkk/.le . ;ti'(' lie ml3)1e 1 vele203Iai:,' e~:

=)bV.- S- 1 t*xp [ik (R +v,)1:'bk~k.'.

)'(E') X -1
LA

wvlgiel calla be slimmled k'.I it siagl I lhe LDummi-To tI'iut nivib]otl [*_11 or (for tit

me(.thod !311].

tilit- (tiuiet bus 1 (E 4 al 1;(EL) wi, folloiw': i ) a vaille ti E is 'eetell. ii) :t

.sp(eetr':i denmsitie's L'o(1') are~ eva Itel, iii, t ilt- iigh t .]i l sides (if t,-oJs (I-.)
mad (1$) aire evalunated, and iv) VF aid I*, arvileterni fimi tla 'it'equalimis.

Ploit' uI E v's. Vfor A, anid T: sitates thien -ive preflito1 of devl k~It-tI tx.

deft-vt ;ItOlit 01wrg. (e e. ((0))Oti . 'JJo t-eancy leve., -ulre thv :iympotes

E( V- c~) of these ure.

Problem 4. Compor)lt. 1(E) for emergies E out-sidt- t1w~ Iiit ban2d, ini the vow '.

of .1 dleivvt ill :1 onelCdimluioluii nurv t-l.vgltbol' (il hu' c!ry~stil. (T~imt:

H' = 1p?)(V - 1' -1 .0?+1(ll V 7 4)J Cuuulme tile blind Struir.*

tilt-(- Tbo eumite (RIGOJT') - X-1 s' (E' - ex:. )1 ~ p - ~.T
t"'aIanU' 1?:~:2') (: -1? G'' :3ii~ay~i~I IV lir...... i4' outside (if tilt- a 31(1.

11M, a1 ivii outr itieg'i overL tile Uimi vivele.) 1"epzir Oi uk co].'iala ti(43i for' Owh

defteOts on the 1) sicte inl Gal?. using1! first onme qwpefd point (30) -.1nd ThenI tell

sixje'il voints li) evahuiitv, thlt bluii) over k. You Nvill obttnju od rob.ults

rith Tell .'pceintl poinits.

1. - Qunditativc physics.

The lI1ifdd4itirc ll1INie" 414l (-]-III it ill,- deep1 ]tvveh, js dopiet cII for tile. vas~e

I.1 : l l ik j- i .Aef ,,li lv l .411
t ,x4ri lt h l,0 11I~ ,, Il~~~i v~(II-- ):11 11v 111



ij. the4 (::-t'n-'1 nlp4.J'Vr 444:41r4ix (.11-1114.4111 (.: it1 ' k 111 th 1 1111.444 for ;t0l svilii

The'mil4t111 oi 
t 

. 1t41 44;1 ill r t - F \\'IJ:9 li I i t'l:

i. i --lskl 111-111limd is ie llrun d loilllt ,' , ,a. W itC1 th m

Illilvile, re bro l"Il 11"I.11l. llll;Isilil. il. w ilm gllt- slC. r dl

lit-voldllliil b111oIn d foIccwt ho lldll cyie .1 lit- va~ltc"~.Im l.w l il

fi idir.4.- $h11 ailO ,a i ll 14wk fe zitiir )YiS goeol;d.'. ~c~

:4ll~~~~~r 34*f. Mv. 1] gmn*

Fic4 4't I.- 4 biin1:t(i1): i iiurtiol 4of th "nitti'3 : ~'L'] gornt.in. houud Iv le

Now ~iln.] l a~ I de -13 . i: Imi' wurliI wif th 4' . 1 44443 illl- . ow ii'~ I44. I til't-l

(( '.1ill4 '. Its' -Tollit clil- C i = 'J')V jj .r Own II of . ltid4'. si't o it

1 lltel4.'l Wit 1 ... : I wn to411xl .44 1 t3VI. 33) 'flt thet) 4 'j 1)11' u til l Il)I I ld14 illi

slit d4::4is snIf el ! ~ Iml4 ill~.. :I alld j 1 1. 1 'evl4 s l4~ ti lt e'' l ergy~ . Il it ' *11 imlr CI. t i

gnll 444t. r. (: lielez ]i:'l.1llll N I -h It vt'1 : iti l I:n4.'.1 1' 111 edm in ti lt ga:J l4 l Ili

faet. 1,':sj 4 illttntv 3 t h4~\ a t the1 > lt'' of wet be V' l r ''1 .\ It'-e )(V . -ld ill il\e



0u'XV,.'ia) a aI I I hla: I I: (I Iniae (:a I idlta I 1V;:e (.I I y): he li tee'-lt'vl t'Iiti

will aila've doiwn 11ailv SHOOlat\l. av' bvltimiaa 4lt.4'lt'i 0t11 Owai I a' a dllagling

'I'lle ilt''jiolet ])iniaiiaig (--.ia It( illiastalod't by Illaoit itag Ill deep il''Ievel il! Olie
g::p t) ax Ille ViIit]ir~a ; . whrila1 (w.1oe'i'l il I ~ lit' \tigl maol(T'P 'liv'-,

rules) k~ prorion~a aaal to' lilt ilnerel!ve illa 'aiett~t n I lie- dehfer :111ii. 1 :1

iIsIt (P'a otiill. Thi.,~ ih1'4ait4 ill tig. 5~ for i'xlkeA tlsu itees ~ i
tal agf'a ' ta(lP.Tha~euvE() is sitijig It ;a bl'ihala. laniviaag aw l iig

fir : G a bllagtinad (I). , P~ ii.i layasIs.syzlpatet. (::a(. I- et' mf Ihnt

E,( V= :0) I'tlaTespi(IIds 1( Io ; eai'' laet:iust. ns il llaggaatlale (if I Ill- dv]a. 4-t

polvoal i a'ess tl:t' dtit'et natiial;e'aa li l~' d lt'ss onaaphol iit ll e IN- s

(eilI lama ill pert aal':at builau' w la ivoiplilaug i. inivrsely 11it.)iiil-l iii;l- it,

gill i'~ 0]leaa1i'tuoilor f Illdo-.' ) Iaaai ii r 1'=: o thle df'tis tal'. till-

i'o~ltled. ialiiely' a var.1attev 1jl. Oaiea' ftit' engdv a hi v i pliysii's III dt't1
levels result s ill a. iivperbl~ii:I le irve Et V). tilt- pt'(Ile(nt of ieldittiai lt't'

As Si It

con:uccon and F 0 cI it Shlt.PJB716..

1

-95C -4.3 -30 -70 -;o 0 10 70

li~.'~. LiI'iL~t' kv' In ilt- )-h.stIilal a.1.% as ''.ahI'lated ).y I I ALMAl I::--'> * IN i

Iteil. olt N'.:c' .ai: ahi . : a11i %%; I:''r'a' ' k ilt-e Iia.''vi.lv it l 111%:111 ..ifitt :,oa a li.t hat, 1

ill eav! tahi-~ I -th. d*vai t If i .'t litli.tl im .1i-doe ill el i'l'c.] i i handi 11:.1. jiliff li±ha '.:P
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tlie thireshldu poLeulia~l 1, al whvl-irIlle Pe-2slan 114-1eep level J2:a.s intio I liv pip

F~igure (; illiistiries vory si-beiiimit ielyjlv lweov~e fiuiiei ofl. (11 &ip l.veis.

0 0o N
0000

b)

sov . -mmh.igit; ilhiw: auion of fle watve imtiicinsil h1 e (bouidinl. 0)) Vailene
nial ( am1illoiu i (. ,1 il ut ii d~i d (of (0.11, (u1 1 in I uothe) fl ml jin I(w iblili i

(hy~. ~ aid :iut:3tsiui kep) Itve., OiN unai .I'Al i Ga itIf. (3).

\Vi iei i N rejil2es P.Y i%. ~Ii *llur i .iie~ 3( iPii el eetro 'usTo it.

ex, l~lii~ve~V2lik wi,01eil 2 i2ijNe~u~~I~.1

.\I lif tee ideas~ Wae lWeP :l.Hiuee :Ii w 1 hi II2 11ii~ ct atl, it-irY.

5. - Evidece -IijIpiirtiug the theory.

p iui,~ 111 ilet) li*\-*l- .ImV .t1 . ii :cidl: fcui :u extriI1id\lii l1-mly (if (1:11:.

ITvr esi ' I't-view n :: w r(T ~ I t*'i-il . IV 'iv e ieiiiiI. (if Io.iv ll il



5T I lliii' IUI(iueix. - Figii'v 7 shiewx' I lit inu:tiit ite of t he dteephwvtl mwii

fiiie imi III mi~~iliidriuOl 4 in SO. ns~ ;i l-iI l io emIlistaiiee le Lri, Illet S eI't11:r.1

ThENi12T)M )1mie*nisiiiellliii.. aivi- Illie elihiirge eeiiity ~T, i Sis le:idjale-t1

III and tgeorlv tile- S cll T h le theta Ito Rl it rven l e eliut~m* of tilt- wagve
fltiotj, :.il s c ha i~ve p~lott3ed toiily Unlinigiiitilde. evel3 thoughl the wn:ve
fuuewtion itself~d r a ih ltt mapidly. -Yist t hat the simpl~e Hjai mn rsul

3hvy . it ecelCi t ::greemftI3 It wit Ii I I IIe dthi 1i, llI eist.iDte., It (IIt tot th I: sih
Ri~ar~~.3Wil he ll. ] h-vu'il t h is 1i it- Viletive-Iiilisx wavv' fi12)ctifll

(whiiell fails baefll for small 1 R) dl(Wribes' the ta weiI-infiehje till," thlat tit
pre'ellt thkittry wouihld have b een~t iit(*ll eeiie ha 111-:1tie igr(e~teii t xcithth
dalta if ;t Ceultelith taili. - )e Jeri > (11. ha~d lei ellee to thle defeet1 peetelitial.
Tli, suiere-s is hy 13cm 3)ieuit trixvi;Iily oltalillee. 'iiee Nome I heit.ie ptediet
(jIlite ilaceia e~ wa~~e * Itlme iimiis feer thle 5deep~j level 131.3]

. b

T~w olnl ria o an vilIt- le(ei(dfonEIII aao tf M1 it p

he Ow 111141 iian h . r h Il'r i '

^IINX I*



11i-1 n vxptet to b 1i'dmilminiw UviloIr.N. ;Irv. vitlti Ih (i'.tt]~ if~u N.
dee'p IQYCJ,; ])redid t it, N% W wll \%i! 111 I'l al :i( -:III ofl (eI8. T~lii. III liiuIII.
VlV u1i4. rt-us'i) (but 11411 lbe mllYi ruisa IN) C~Iv S -(1d ( U 1a IlNu 1111c) ]u ie\'

111:ItQ-ialls v;ii'llot be dopi~ed jm1 V]t-Oli *XW ' d 1:111i1m. U riQ-eht(is an~., ill filt

tleji. Tlv v xve3)tion toti rijvlt' is 'N' \Olieli i., ji:'lir:4-1 ' it Il im dee )

ill Thet goll .11 Ito b ;. li' uIllowk avrIp'ill IeeltV'. T)3#i'l S I 'iilh ZnI$'.

(another' 11-17 )lot). WV* ct al. 13.1] have iuuijiinm d l eil N'. I. fin Iti o it do"s

Coniduction band1(

band~ slalwdul

Fib,. S. - Thieoretical pl-cdictio),ia uf re1. ESZD, Ol'.wilig that, %het ('spcit:d mlid.1us

3 1 'tp L'IucI. dopails, (.-cQt N. Ont '.bo S slu in CdS prodhice dcci' hIvvu'I lt 111k
p~j. fterref.(3]1.

5'v" .(ojkry 's theory of! latdrd dejcd.u. - $.A~izfly rt oil 1301 hoyt' .i
tile dhcciry of det-Ii leruels k.-td..cc "ith sub.,drufiuza) looit ilt'evs It' ai

of ~-od' pabituti'..o Im i Il Phys~ically t t~. Irvtv'IQ%1 . Tb''
paIivet b-ov I. tut lil I) h I, aIlv Do it I .:I uv I ., l . r' tIvt'u D o II

('u'b'tI.ul; pb I lk-. Pv; l i: i.'Ilit 1,11 111 ' )5i3I lo i v ue 'u th' ali ..i ' y o ut

.1 i~l.c notighvol'wa plil T: ,ratv, T), i- o i1~ 2'.w , ~ .. (if I hi
(MI~ec thv La t it,%- :.puara *ilk I t ei sp~ne ul dihe uwovie.Iah' liy'-oridi.'

e ( RiO~

C C75(7'vi.

t~ ~~ou' ~ .~ of m .iuO 'ht* ' . - rnlijt' lieit .Is ' d's I'll dt,iom :wl1~



wvill Il.. two Ai x.ji..tot-i1 'Ilt *red oil ille lljlt-1eri' form d ?i:: Jikv

CStlh tV qH e t eS h if thir. ' 14. I1.1'l'htv' %ill ille~ii T-il.i.t stat 1 a . ilu
of th. .~ ~iW tuel. illilivnnt (.1 vi g e m ul ztl-d Inotll~l eof I v u 4'1 11 i i01

lev.h .) 1BQi'iiII5 of this illtowli'i;n'it thueoren. it is often possible 14) v~stitllaite thie

(w~ i's~ f till- 4: ir eti' t- Ailf t lt. ls 1QhlitiIl'i to Oiw isobhitel.-dethit ('vlb. ill

witlibi :1 f(,%v (!ti oft :11 \--withillt exicv4ltiduu. a lel'Intioii.

'A 1.1s: deiipe ih'iijc 1 Ihi1414 :1 ie : ih ilappied -1 l I It(-uv i't*ie~l1.

(sp-liilat'um. oxygel) jir.i i Gal (1g Io). Ivina., 4ownV~ t lial. d iv kivale ''xyV.'I

As Sn

c Lt Tt

IAt 
z

N 
c e

(in C) )

(a0)

1.00

1u . iu: jia'I 11N (bit ui (i.1 ,ilv all'!.di all tliive Oil .1 P' ,it u III 4P Ua ali'i it.i. [:it.

F~ll! ti -. :Iv ;l4 1141 I~w i j t. ... gtaim .i~v: h:.cl Ilwe :~'4i*
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bvvel (i.e. tile (Ga. 0) pi-ar) vaumot be drnvve inIto Ow1H vo'mIIIit on-lm 12i~h)y ally
cevtro'jmsit iV( doft-et f ;i f *it afj. l 1- 1 1 i .1ml but 11.t it vnll he ~ (INNriv1i
imp C tile Val1ec han Il y :nily u1)Q oIf Iliv foflowitg imp1].Jiv~ onl ;I iivighl oring
Ga silv: F, 0, (A.. Br, N, S. $v. 1-1

5*4. Surface clofectxu and Scholl11-11avrric) haig/hts.

-543 Oor 1Q c~ itO))~ nlt sufii (tx. SpIfll of tile best evid(.llee sifll'.

]vtiig the tlieoiy vomes~fl(I221 (.0W -vXitul 022 er ( mIQ'il)1 Is 1 wen lu~vi Iy the opticol
;debcmily iIapo.ximitmI. or Z -4 vl (37) it ('OVQ-( exeito2u m icktenl toni
iloilrity 1;toi [3$]: for t..'liple . vure-o'xecited Ga is Ga pliht a eo bole phisw
-it Of.vetrol) and (1avcause Owe vore hioh. llIi' l2)20t tilt saw 4- hai'ge (Mm-filtijou
it. aI protmi) is virtuatlly i(1Q22tldI to 1212Cxvitt-d Gvt the -atwuil ifl2Wdfiily III

ca) CO)

0.7- 0.1

0 . 0

2.25 w

0

0 -0 - V

Fig. 11. - Comzp:arisonl of A ) oeqacrimiem~ ami P) tbt.''y lot Ga ,;it( (110) surf; -ive cimre
exithim in a) Gas bi) Ga5i alnd r) fll.:fy rf :9. 111(1i 1;4 filw valenwce

.0d co 61iri1 banid ('d"P.s. J'I:( pupo0vi t* h-iotes the( cg:.v ext1.-hom It-Vol.* Theii lin.
zuiiltil linit - '*iOl itlwer 1"1011 o jut Ib jill iaetsill .aCL -1a11v amild,. Thlbhtorv lim;.
banid Ip.; are :ial .'J1pi;te for 4 K, anid ]fell". are' Iari'r thiaii tle~ experiinieii:11 g'all.
O1JtZlillt'd a11 10',1 11 lll.11111'e.
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U i ll- dwhI 1' flodif' rabi{. Th'Jus vor(.tX6iteci G;i is .1 Gt. iiII]il-itN ;111(1 pOrvt.
e~xcited~ I'll is ii. 1bnrsIiid show~ t hat 01vu predi'tted Jivit for v0r(-
VX~litt*d (u ait, tilt. (1.1 1) Stlvltce*U ; IU] N, eUiIpfltiIds uld( for texeite- iti
;a the Nurfact (IL o fii--gruttp V s~~ei iz) t ors av eolit fill tI(. libi I for tvtno

)

exirlv a Te elxe (0)25 -ufio of045-.inr- (3] il-ter
-11-so ~ ~ -rdc- 0 trniin f-i hilwect)%b m irI

dut-p+ +-vrubhvo o h I-l cn xio naly.Eiel
offlkha be rpotd er 025tybyB -*Nmr cal(31

V42 Df-vsat ufae.Al mprt -[I a -. -u~.Im -4-- ees
v(-vy~ ~ ~ ~ NiiVu.t 11s.(fat(liiliy ataly :ib e111 I ufv il:

a ig. . -iui'uvilteu of leel a~prt. Onl Ai-Iclt pL-') nthe !o tbty dwt site10 di

Vaal 1e~ivs t -o [ trnlstis 'I'llb sv llow mufstaoit t e.Ittit-t- i'hsmtiorl at
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I tt sii'lfaiev.. niV evet)ItIdss. I w-~ (!sst-3 I hi I quI uit(;it i-vt pihiysivs I'if Ii I ftwts .11 s II rf;,Ievv

is the saime as fo r (defeet, vnv a 3wty ) 3 tirs. the~. foI, i ve hit ' t- of vis l 033;: v

110etrts Call bt* c"Umpuittd lisill., eq.1 (1). ;11ii1 ,0It lnisiv illet. t3ised foi. dvvp vv.s
aim(I3It(d with 51 lItt ileft i s Ii ~in't' 5 IIvIv (' to I liv suiat-; 'v !vfv(-t prob'iil u,

whler(* 111t v li; 3 v. t is foriti Iy flw slimy as v(J. (14'. bill1 its ev tlti *
o3t 1033 is vollsid(3'; to'y 31103Q ('133 e i led(l. to Owe re'tlit'u'd < m iilv(trly Ii' Owli

oile 1'oill thu1 110111d~ b. 3I 3llllwizecl is tha t it surfac t' is ;i larg ert' ilU1'03ll,
:1111d tho(I CU)J l'r(IS (IW.Oviuttd Irith o 'c-I((C I imploi11 (fro ~W 1 t Uii m-em'-alu

ftonths i (m 0' (?ifnid fron the eni're.-yowiing bidl.. iminirity Ii'rclx. 11341-w .t('
limm('ii'o or ave) levvis i)01m31 ill the gap])may be diftorent forn: surfiev defio
from the lounbel for Owl miniv de''vyt fit tile bill],. Ill paruhli1r, imlplurit its
tti3tt I1'v vshlo )o~ i iiie bulIk oiften roim on(I13 e , orit' Uvvl 'e , W0 tvip it" ' il
the gap w~hen1 I'liv reidtv o1t 3 lv 5l3Vfito. For' exion lv. it )3Ilvi.le mvh 3

pair' (if P imfpll1'ities ill$ is )~prt-diew(t to proue 0I deep levol. :iltboughi isolitad 1V
is it claml~e simllIow~ donor (30).

5'4.3. Schottky-barrior beight.

5*4.3.1. Bardeen's model of JFermilevel p)innlinot. Inl 194'sB Di (413)
proposed that the S$chot~tky barriers 1 hat oucur nt)tlem(' id i' inlter1.

faes aire due to Feri-lvvel phuilag to Ates a~t te iniit1111vt.. Staited simljy

conduction ban

valenl'e band Fejrp-* sea

semkoaucto mt~f
sujrface

Fill. of .- Ializi iIiiu I n ~olatd 1 v~ io and i iidmiky1l-m :ricr fornt ilon iln
fliv ]3uidva iiiwv, :uftv' ref. L~
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Ifirt wi l*(~t1iI( tp seiicdi(lletor. hvl( V'rfid levels of-th Wiblk soiniec'il

klll x~o .I l rI(-;trl I f11 lii' Ft'tli llvlmol' ,1lt-fiveliil illv"I-oiile iv h(brl In-.

iiit() whuli1 Ohe oext le'riifaillk t, 111.f thlis is ;I hlliil dee e intt le -:Il
;t ssol-ini tell Iwit It ;~ i..~f.A wn elf e ~ g'ill floiw alltd lilt- e ii i -etgY ImIn ds will
build Iuntil this aev l igns with tite Ftermli lovel (if tile bulk siie'auto
(fig. '13). This en utses ;I 6vhottkcy bonrivr to form.

5*4.3.2.. ~per iuadit .det Ilodel. $1,1cl~m .111d co-wotket's (411 havie
U(lmIoI31uCi.' the tiotioll thait tilt% Bardeen staite. responsible ifur Fenzni-leve
piwungll 0i: III*Y, senllicondi('tonre i dep hev('1 meioeiatord Nvith na13tive oirfacne
41efevts. Ill this Imothel, he Slmotittky-hNi r; hit l, for n*rypt-ae ~ rld i the
binding energy~~ of the -slmrfiev ducep leyel with rtesiwet tol the voiidietioii hltliti

5'4.3.3. Al tht~ leory (if,$et() rrky-bai Vor Iteiighm ill3 III.V seieionduelitors.
ALLEN Ot al. (422 43] lI3WO On~lellbired tilv binding enrisof deo levels produeed
,by nbriolls iftfs. unative :iutisitv dofoets ill pardi~lai'r h Ow 03u) mirfree0
of III.V eompowids a~nd terin'ry III.V7 illoys. Th'is apl'lfl'Oi followedl ;ill

eurher .ustion--by DAkw ct 4d.,(4L] dit FerpilkVol, iiufliig -by- deep levels
a.ooiated with surface -vucancies mfight accomit for miany Sehottky-barrier

3.0 I

rz 0

AtAs GaAs !nP Ins GaAs

Fhg. 1W. - Prcditd aud observed Schottk'4'z'rilr lileits1 ill III.V ;llopt I-$. alloy
i'otpositiveu. after ref. (40]: - tbenry (GWs, -- xpcrimtoe (Aii). Tile tbeory

;i.%ities Fc.0rol pillilung by a cation on nn anion site at the Aut;vmiecoudxicior
contact.

Ili.-flit *Itta. Thei rt'.mtlt of .llel'.li'n 11-1315o fill 114-1-11 Iev,.l. :ssuiiiitel Willi
sttrrfieiiI iatitto31-ol-ltiUII*sit impurities [4..46) ar] t3e givelil lit i. 14.- xvili. dy

ario ill ronimirkablli' :ign'twttet withI till.~ ti. ThIs simuiph. tflt'ny, wli'"lt h:
III-en i.1is' 35.%PI ill ill to ii a lm-ewi tore isl vJa.' linhh (~ I if exi l;; i llU nlt. * iti lls
41ini'e-plix.l ing exprlic'ia it 'I£er.s. Ferndin've pinin-, Imt isitv e a'e't'

collit~z for~ tile So hu11tk fl*,. niriers 'ivt wvm~ji itoin r::e ive iii'tns :-nd~ L*';sl I1A
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I';(TIV mtv u hlcor sptJiv iluI -ufai i- )ipvpnraimi. aire iin-oved 1.13). $S..Nyj~ft
el (d. [47) haive sliow revvii Iv I llit J 2'(Idv.iI's idt'nls 'lfl be n:liplim to la

wel;Is to tilt- III.V\.: $~~ttyh~~~rdati for $i/tr; it'l 111)10a)~u si'4iid
ilteifavv Callu be Illide'i tul. ill Iem of-u utJtriiIv i iim hgIlyi~ vfuii

daiiigiiuig 1)0)IC12. Trill, Wvork iuithe u* udhrstl dil.. (if 60]uot11ky-barivi.

heights (if II-7' 1') -oul'i:-htoni ;uiud $i an d ;,Is. expla i.. Nvhy fa*v-siu f; e
6aiiulaht jofl "iv. -ootd vst1imate s of thut- Fvvrili iItvvv p ilil. po )isido bus (f blit vi.

fit i 3l leivets. NT4'fe it ap1)Q3U,5 ike!)y 01111 the sebott'l.N hbm'rvsn Oil I Ile vunliunl
setuu'ndutor hii~vhIight~dtC~~li)Qdbysurflve &-i h~vvls inluu * .1.ssuchu Ivt

with valow naitive' devets).

5*5. Intrinsic surjiQe' Oaics. - Ill ;u jivare1'Qitlvgllav I ighl .11indiug. modelJ.
it ilmle~. way to crete ; sturfilve is II iiilsvil .1 (hetof IVmu eies 111t 1 111111,
8einivooductor. The deeup It-res tisstitedi with tis shiet aefvet U surinek.
stautesi. Therefore, the bivic thu metivuI ulprunueh to the t* *ih-vel prublemt

4), 1 IFrviiet ill" s 11f111Ive ~'i *~~swellt~1 .y. 1. of vursoQ-Ilml ly retviluval

1'(blefls3I~l~i~uedwith effivivily sulliqi th mmiitri vejuoti('ii (14)-four Uf3I*'

IsLntes at rehateu anud reemuistrtteted suirfacees. Those tdiffilu1re I beyond Ohe

for ~ ~ ~ .-I it e.(9)ad[1 - - - s-o.4mn sduoea. -- light

bidig e. data.

dilvso irv iv el /> -vile //e l 1111 yivlr.m

or. l fg 35f.1 1 /.-ati Iil f'1.111.Azw11O lv
Iletols fdelllee.,as".ite Wll pi'iIle i-/vi sl
til., it( (111p l-by vv riv W ll II-1w 1 Itv l-en iy h-o is 49. (11



6. o r~~~Il lilys.

iast. t;aalsidiui ii ll~ Ievenlv et v'11. (531) IIUve g''iil ImQLital;(l'
~lItitltiuiaa I L~t: I~in 6;a ~ a nd ((T;i~)3....Gt-*.: oallm.. even11*~ii

Ta.'(G;tA) 2 ..Gi!, nIII ivs e ibit ;I V-shape.d bowing (if the-knutdhimenit-aJ bl,; d
gl a f ultidufl of alloy v..uzioit itl1 xc (fig. 10). This howii:g - wlio bi:

1.6

1.2

.8-

ST

C.Bi 0. .0

-.2S) .-MO..C 0 13

Fhc,. 1'.-Direct vuaergT glit of :i1)1upc~ vloy s. nlycom position Ce. :after
ref. .1] The diashed line rep re Sell. the 110 1dinary via nod .Crysi a aappro(xin-u:I I" 1u: till,
solid 'illerqfr4epv;s the- tilCO-Y of 1-4-. (52. -51. The (1:11a are ijadlieat ((l byv k'iwla*. The,~
liicnfl) u~s parametens ;apprapriarv it, 4 K. waertvas uthe dat are( for rooaa t.*jiaPI. t IV
(at-. which the baini glips are di:Yiviraj.

3'.' ilalled by Ow( Uvllvendol ]vir1II'll-erystn) ap.'rilii i'i, "lizeb ;issuailws
lu:3  .111(1\ba is a whose a]pul -i~i~dja aii 3lrs are i~el. )4

IH'1 we** lna'v hos (f (a.\si! (11 ha. EWlNgf t .~ve 's1ol(3V thai till

V.sha111e4I haowvjaag is dute to all 1rhrdiurl&rIrnnsdil 3110 hi-tli1 a3 ?.lil(110A.

..da d1:1aaa''ald jihase (:Zit. h.. )

III iai'alliaag.. Ow plmse. tra lsi iol ini ui I-~ly. Ev1~ ~~jlt( VjIaI
hIait I la1 rejqlvl. : e''ta~l ehriI I lae ru eh'el-rill~ii'sreil( vl
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riz. 17. -1 sohemiiziido UdCIot the phases o (it s 1 3 catz ro, 5..3J:
U,)1)vil Cria.4 "ordered) zilleblezle, phas~e, bi) thec Go (disord( ured) dinmiond zhiiso, c) the
GaAs.rich oztleretl zicMhI :zd e o. of the. :llcoyanid d) the Ovrich ii -orduredi diamiond~

~zaoof t11i .1floy. h lio 1 il' o il~~t 111V.o. h grent majorily of G~a amlviiz ocuuply
1iioiitllzd (,. sitos. 11111 ill the. disordtzl' 11111.'e Gaz .11Ozux AhlQV no0 $-Tv prCfuL.VC:ILc.

i *'.,tIll thet ordered xj1ioviiu1*dt :111 the t~m dk red dhniuiild lo~s~.Yet few
Cii~z1Q? at' ~i~izh~ofa. ~;1 d r;I ill.- Imhuh a1 juhizIas vi..i iofl ;itil vl.Pt1.015W

'ZIis.t tzir.. "NTj:nV1.1s vir-islivet'ied th' Iljsruhoi..Iii by ;I.N1I1ilp. .1: a il-o.Tali~oniaii

of ;a sile R by (;sI. .,. (,I (ae k is *~r by a I Iseldos)i ti 11;1 hi~S 111 " ll

(11, [1,*% Zer -1UI):



!i'*:O~~~~~~~~~~~~~~st~~l -I ihl i~. i-IIl ;lt.Jililgue rs lit-,' £tAs is'n
' Psvldo Iti lI iferrn ii i;: vti . fIe ist ; ii0.12 it 1 es ;z 't 4ovupivilii y (u , Q' lapl o)

N .(I As,( 'lowni )): tilt (4o :lI.ilis la-spill 7l.lfli ) iliit 011 ti llt I~~IU!i!t111'
~ S~l-SpllI'illier'lItifill hb*t we.i'l- neareI tItigliors evallsvs -:t('1ll$ '01

preer.-ii1J surroiun'1 Ga an ld i suia.r Ilt'fou 1) of elie rs ilf o(iid
,G1t or ill As. Defalls~ (if -fai l ~Rliftiliial,. wvijli1 is s.Zllilalr I o .Iifzik..

T~inery. Gviffitils TLa'lliltti1 113 V L-54 for '-t' :-.Ill dols.a re, givvi ill re'f. ()
r.I solve~d is Mi~lllihltill. ill :I IlIl.-ivId :1pplwximli 103a to' (Illuijl

't114 equaition fojr the Oirder pimain'lor .1(x, x,'):

.1I,"(1 - .) = V-01 -J x')] -

Mw x s theli ly ('4l11 isit imi at o hhiliel I I(- miimfumU bmi l gni pis obhsvrvt'd.

11.3 br(All. tC~-~ ''Clii' orderih'rlm';i- lltrtr ii I 'i-l to tlt, ptrobl it3y Ol
;I Gil a toll Iill ]i' t.l~l 1111 1 llll 'a Idi 41- (it f an ifllnilivi zilluelilfl
lativo if this prtibnhlilil v is Owtt solm' is that fur iilijg Gil Ol a Iliilltal aIliioil.
Mit 0. Ow Owi vr* Iysl SI-Iloiurk is 'uI; ia id , mill not o' rzinebhlindt . Thain is.
thle alloy fi # diso'rde.rtod

TMe scecond If1tl'ii .n is the Vogl tnpli'vil tight-liIdim,~ theor". but
Nvithl the ailoyts pam aten,,.' deteriiicdby (i;newtvirtuakurstal approxilnu tioi
that dependsj on the order palram~eter of the-first Hanifltoian: The diliinl
nma ri ek'ineitt are iflterpo,'at ttd iiiuihlg. for eXm2dmple.2 thant the average eafcn

is (1 X .1)1) a +((- -J1.'2A~+ () e.Tho ener;% bmid Owme-
tureC colrpimt.'(d using t his inocd(' yiedsU -. iiroi'r i1:131d p))~ 1'r.V. '11RIN oURw
ilusitioit x~ (Jig. 10) nijld ex'plai 1 tilt' Obsei'vel1 Vs%1al'td b~iwiii.

.- Stumznari.

Ili $Iliay. tilt simiple' ideas:i lrigilal: tu ill tilt, wo'rk of Hlsli. Wolforul anid
Strvt111:1 o nldi 11lion~tilied h.hl 111 iIV'l- (Illpi1riol r"igh .1 ildiillg m-hlle lQ 1id

holt I I*,i.dilli'll theo~ry Ili'l' Ils1-. 1have ' liiivt'i i Il~ 11.ve s 1r14.ad ijiliy
111 I~t.' stares~. mat'di~' leIs. strilN,'' St a ri's. Si'litky harI IlTvr's 21301 a1Ii 'y
II leum1 The fe'll S 01 ~.11I ~a ri 1 (if I ll' Ot'ol' is I iit k21 s1'imleh enitilg
it, h 1 g11 by~t .I1 IllLexplll. a1ilt yi! it prol'lilI'I' vallil. l' goo pro'lil-liiolls fill ill(

v lvp i o4 1114 110 'On:les 2lsstlal4d ivilIalills .1 111 ly hiva~liz0II pertrbat12 ioln ill

I O't'il0 l i ihj' fill the~ir zt-lltluIlis slipllI liuf this i'.omti't'i (Ouar:t -IS.
NOM)l H-. 774 ll-':l,7. Ntlu .- K-Da 21111 DAA(1_l.;iK.1* ,2) We '1 V"It
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X-ray, spectra, of, model^ bi nary- all qys> A, B
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The x-ray photoemission, absorition, and emission sp'ectra of a ofie-diincnsiona. tight-biiding
model for a biiary metallic alloy A1.-,B, are evaluated in a change of mean-field modci. The -.'m
bined effects of disorder and multiclec:uon excitations are included. The extent of t6c -zymm-o.~ric
tails of the x-ray photoemission lines depend on thc local c haractcr of the Fermi-energy statct. in th:
vicinity of the core hole; this effect could explain the lon~g-standing mystery oif why Na 1: Iavu., i
Na.WO3 are symmetric. Feature-- in the absorpl..,n and emission spectra rcmini:.cn of -.11;
anomalous ramplike thresholds observed for absorption b rare-gas atoms in alkali-mutai hrst, are
also found,

1. INTkODUCIION changes suddenly as a result of the removal of the core
electron to the final-state Hamiltonian

As a first step toward understanding the x-ray abirorp-Y
tion, emission, and photoemission spe.-tra of binary alloys, HFI Z h 1' (3)
we present here the results of model calculations for a 1
otne-dimensional, substitutional, crystalline, binary alloy w'here %% c haN e
.4-,, The model treats a 'single orbital and a single
electron per site in a nearcest-nicighbor tight-binding ap. hh +Vo I R)(R: (4)
proximation. Many-electron effects due to the final-state wihIR) referring to the ri.ditul ce. .:ed on the core-hole
interactions of *he eleetronm with the core hole are treated with,10i h lctcsrnh(n
in a change-of-mean-ficic approximation)1 Hence, the ne l is t ube) he nia zr-electrc. ier:.on sate (an ah
m,)del exhibits features associated with both the "x-ray Ce:tenme) hemta n. eecrnsaeo h
edge anomalies"2- 4 and binary-allcy disorder.' To our electron gas '1)., in this moac), is a Sinter determinant of
knowledge, this is the first study of the combined effects the lowcst-energy single-particle etgenstates 16) of h; the

on -ry s .c. of disorder mna binary-alloy and inany- final' states 'F0} are all the various determin.-nts of the
eron ryseoil eigdastates 'e) of it'.

electon reoil.The x-ray photoemission spectrum is

11. MODEL 1()2J vSE Ep 1  )4,3 5

The one-electron H-amiltonian governing the behavior wherc the summation is over all possible final-state: con-
of the alloy is figurations. The photocmssiot, rec,ij energy is

1V V

h e(n)j I P- n)(n + I1 +f31Jn +1)(n I. (1)

where -he sums are over:ali occupied or. -electron states in
H-erewe have Ml sit'-s, nl refers to the one-electron orbi- the electronk cofh ration- ' F0' ane. 1). respecti~rh'.
tal centered at the nth cite. J3 is the nearest-reighbor The photoemissit.. line shape has contributions from %'nth
transfer matrix element. and fin) is a randor. %zm-able spin-up and spin-dowr .haiirt Is. It dan b.- shown, ho-Aev-
which takes on the values e, with rrobability I -x, and er, that one car e~aluate the Ijac s;-;;e-s fk, each of theie
eB (with probability x). channels inuependentl. and thy', !t tmn-chiannel line

In the caae of x-ray photoenission the band has IV elec- shape is a %:.xnvolution of the % e- .nelshape-. 1

trons in both the initi;J a~final s.-ates, bu! the ijta- Hence, for s.mplizity of presec'at. v~t consider herm
state N-electron Hamiltonian only the spin-up chianne!, and u~ -!ave ,If = 1YV.

X-_ray emission of a phototn of energy E can be tre:..ed
H= hi (2) in : manncr completely anaogois, to photoemnission, and

1=1 has a line shape

32 5119 Cc- 19K Ti.- Ame:-4rn !'.,ysica;. Sxnety
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2 'E)= . F'M II 2 (-E+F), (7) determinant: of' N+l Y,0s. A -similar expression holds,
for, x.ray absorption. AWc assuiii'that- the core hole has'ai.

,Wh~re the.,final, stat6 F are Stater-determinanis-of- pegligible'radius, in 0*lich case the L,.poiernatrik element
W )s,.,ahd'one-core 'orbital and the initial state --s, a, kVcan be simplified, and-'We hive:

11eie Yl(R:s proportional to the overlap of [0') with the fl=- Vo1, 31,f =a2I , and CA - 2I~ for
core hole :ft site R J46 isa constant, (010) is-a scalar x,=0.2, 0.4- Q.6, and 0.8.
product, and 'we have -assumed that the core- hole has a

-negligi aU.ble radi s.6' Ill, RPSULTs
The line shapes 1(E) and X(E)_=i(E)/Mz are calculat-

ed as folleo*s: Th6 eigenstat'es 1 0) and 0') and the corrc* The results -can. best be unclersrit,-d' in, tenais of the
sp6ncding 'qigenvallue' are evaluated for a one-dimensional, broadened densities of states td.splayed in Fig. 7' 'In all
lattice with M=40 sites occupied Iby a specific configura. cases-the Fermi surface lies within a band and the system
tion of atoms A and B, as determined by a random- is metallic.
number generator, The core hole is-con-fin -ed-to one-of-thec
ten -innermost sites. the matrix elements betweven deter. A. X-ray photoemnission spectra
minants, such as. (I FI Pv, ire evaluated for many ele-.
tronic configurations v. and the spectra are, calculated. For a core hole created at -an A sitte (Fig. 1), the x-ray
The calculation of i; given spectrum is terminated (i.e., no photoemission spectra exhibit Ion; tails ass..:iated with
=mre configurations v are ncluded)-when the sum rules low-energy excitation of FerMi-surface elec-rons for
for x-ray photoemission spectral (XPS) x = 0. 2- and 0.4, but not for v = 0.8 or 0.6, The reason

f~ I(EWdE= I M for- this is that the one-electron state.~ near the Fermi sur-
-~ "ace Are 4-like for x =0.2 and 0.4. but, are B-like for

and for emission 6  x =0.8 or 0.6 (see Fig. 7). Only the A-like siates are effi.
f 00MEVE= ; (R)ciently excited as the shock wave due to the A-site core-

~ I ~i() I(10)- hole creation propagates outward. The B-like -electron
states at the Fermi energy for x =0.6 and 0.8 do not

are adequately exhausted (the sum is over o ccupied thoroughly overlap with and couple to the A-site core
initial-state orbitals 0j). The calculations are repeated for hole, And are not so easily excited as-.L result of the con~-
(typically =100) different atomic configurations and ityp- hole creation. H-Imce, the A-site M"lin hes for x =0.6
ically =10 per atomic configuration) dif.,ernt core-holL and 0.8 do not have long tails for riegative E - Aw - ecor
sites, Gaussian broadened' and ensemble "averaged. The but',the lines for x =0.2 and 0.4 do. (Simikt:ly, creation
ensemble- averaged spectra are displayed in Figs. 1 to 6 for of a B-shi 'e core hcle produce-. a long XPS tail for x > 0.5

but not for x <0.5, as shown in Fig. 2.) Thus we have a
clear dependence of the shape of the XPS line on the char-

4 
It

itl

-30 -1.5 0. L5

(E.'hw E~,,)/2 kI-0-500
FIG, 1. Predicted x-ray photoernission spectra for core exci. E - *hw- ccofe) /21~

tation of the A site in Ai.,B as a function of the emitted
electron's energy E, for x =0.2 (dash-dotted line), x =0.4 (dot- FIG. 2. Predicted B-site x-ray phoioemission spectra, as in
ted line). x =0.6 (dashed linel, and x =0.8 (solid line). Fig. 1.
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FIG. 3. Predicted x-ray absorption spectra X(E) for excita- E + c )/1 2
tion of a core level at the A site, with notition as in Fig, I.

FIG. 5. Predicted A.site x-ray emission spectra.

actei of the Fer.ai-energy electrons at thesite of the core
hole. hence the Na-Hke character of the Fermi-energy states in

The asymptotic theory of Doniach and Sunjic4 for exci- Na.WO3 should be small-and by analogy with the
tation of a free-electron gasis valid for electron energies present results we expect the Na XPS line to be quite sym-
Enear the phooemission threshold energy Er and gives metric. Hence, the present theory indicates that the large
an XPS line shape asymmetric tail predicted on the basis of the asymptotic

Doniach-Sunjictheory should not necessarily be expected
I(E)cc(Er-E)-1+ (Er-E)-, (1) when the amplitude of the Fermi-energy one-electron

where e is the unit step function and the exponent 4 is states at the core.hole site is not large - because the
expressible in terms of 81, the change of Fermi-energy electron-hole pair excitations of those states (which are re-
phase shifts of an electron as a result of the potential of sponsible for the long tail) cannot be efficiently achieved.
the core hole: A second interesting feature of the A~site XPS spectra

h is the small bump for x =0.2 and 0.4 near E-ka
4 7, 2(21 +I , )/r)2, (12) -ecor=-- 2 !l 1 (= I VoI here), which we associate with
Io transitions of the electron gas that leave a hole in the

bound state below the ,4 band. (This bound state always
This asymptotic line shape does not depend on the charac- ours inaoe deo n and is by te aai

ter r dnsiy o staes eartheFerm enrgy exept occurs in one dimension and is caused by the attractive
ter or density of states near the Fermi energy, except electron-hole interaction; it lies of order -- Vo I below
through the phase shifts S u. Nevertheless, our calcula- the band bottom.)
tions, which solve a Doniach-Sunjic type of model for all The XPS spectra at the B site are especially interesting.
energies (not just for E--ET), show that the extent of the The lines for x = 0.2 and 0.4 are nearly symmetric be.
XPS tail does indeed depend on the character of the cause the Fermi-energy states are largely A-like and not
Fermi-energy states. efficiently e:;,:ited by a B-site core hole. They are also al.

This behavior may have been observed in sodium- most recoilless (viz., at zero energy) because the B-like
tungsten bronzes: Campagna el d!.8' and Chazalviel states that are perturbed by the core hole are unoccupied
el al.9 have reported both an asymmetric W XPS line and and therefore do not contribute to the recoil energy [Eq.
an excessively symmeth Na is XPS line in Na [WO3; the (6)]. The x =0.4 spectrum has, in addition to its recoil-
latter cannot be explained by the asymptotic theory, [Eq. less peak, a weak high-energy peak associated with recoil:(U 1)].1 It is noteworthy- that in the simplest model theNa states do not contribute to the conduction band;" 9"' The on-site level at es is pulled below the Fermi level-by

22

L #

.."-4 -3 - - I O

-1.5 0.0 1.5
(E+ ecoe I E)/ )/2 1i

FIG. 4. Predicted B-site x-ray absorption spectrkl, FIG. 6. Predicted B-site x-ray emission spectra.
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absorption edges and' bumps at higher, energy that are de-
X1., rived from the hole-perturbed bumps in the densities of

I states. [The van Hove singularity 4 at the band maximum
E is weakened both by the matrix element, Eq. (8), andthe

alloy disorder.]
_A An especially interesting feature of the calculated B-site

_8 A~ spectrum for x =0.2 is its low-energy edge - which does
.. I not show the expected,' peaked threshold behavior

(predicted for free-electron metals):

.6 E, I -(E)c(E-Er)-ae(E-Er), (13)

ti whe're Er is the threshold energy and ao is the x-ray edge
exponent.' s Instead, the threshold line shape is very near-

x 0,4
Er , ^,ly a linear function of energy, ao- !. Such behavior is

" iwhat has been observed for rare-gas atoms in alkali-metal
hosts by Flynn and co-workers,' 6 and has remained a ma-
jor unexplained anomaly for years. 17 The present work
suggests that the "anomaly" may be a conseque:nce of the

1.0 - non-B character of the Fermi-surface states.
06 I

Ole. I C. Emission spectra
0,4

012- The emission spectra for an ..1-site core hole evolve in
'01 . . . . . an interesting fashion as a function of composition x. For

E 211 small x, x =0.2, the spectrum- exhibits a low-energy peak
associated with a band-bottom van Hove singularity 4 (see

FIG, 7. One-electron density of states (times 2 I P f) of Figs. 5 and 7) that has been partially amputated by disor-
A,_A vs Efin units of 2PIj )for x =0. 0.2, 0.4,0.6,0.8, and der: it also has a high-energy edge with a peak reminiscent
1.0. The Fermi energies are denoted by E, ,nd occupied one. of an x-ray edge anomaly [Eq, (13), with E and Er re-
electron states are shaded. Note that the one-electron states at versed], For x =0.4, 0.6, and 0.8, additional features as-
the Fermi energy are A-like for x <0.5 and B-like for x >0.5. sociated with alloy disorder as manifested in the densities

of states,(Fig. 7) are reflected in the spectrp. In addition,
the x =0.6 and 0.8 spectra have weak high-energy edges
(that are more or less ramplike functions of energy) be-

the electron-hole interaction, becomes occupied, and con- cause the Fermi-energy states are B-like and do not couple
tributes to the recoil energy. (This effect was predicted effectively to an A hole.
first for d states by Kotani and Toyozawa' 2 and then, in a On the B site the spectra are dramatically different,
different context, by Mehreteab and Dow.' 3) As the alloy showing bumps associated with the allo. disorder (shifted
composition x and the Fermi energy increase, local alloy by the electron-hole interaction), high-energy x-ray edges
configurations which lead to recoil become more probable [Eq. (13)], for x =0.8 and x =0.6 that weaken as the B
and the recoil peak grows as the recoilless peak decreases character of the Fermi-energy states is lost with decreas-
in amplitude. For x=0.8 the Fermi energy lies within ing x. For x =0.8 there is a high-energy x-ray edge (near
I ro I of eg and the recoil peak is dominant. Bumps E+Eoe,,0), the remnants of a van Hove singularity in
below the main peak are associated with the alloy disor- the density of states (near E+eo,,a- f#1 ), and a weak
der. low-energy peak (near E+eo e-- 4 [flj ) associated with

the density of states: B character is mixed into the A-like
B. Absorption sp,-.:,ra states by the alloy. The prominent x-ray edge occurs be-

cause the B hole efficiently excites the B-like Fermi-
The absorption spectra for the core hole on an A site surface particle-bole excitations. For x =0.6 to x =0.2,

(Fig. 3) are generally weak because of the predominantly qualitatively similar structures appear, most of which are
B-like character of the unoccupied one-electron states. peal.s shifted by the electron-hole interaction, but associ.
The strongest spectrum is for x =0.2 and corresponds te" ated With the disorder as reflected also in the densities of
a case in which there is a reasonable amount of A charae- states. The strength of the emission weakens as the B
ter to the final state. character of the Fermi surface is lost (as x decre,-ses).

For a core hole at a B site the absorption spectra Fig. Also, the high-energy x-ray edge weakens and becomes
4) are stronger because the B hole couples strongly to the ramplike for x =0.2.
B-like unoccupied electron states. Even for x =0.2 there
is some B character i- the Fermi-energy states, and the D. Summary
absorption edge (at the left of Fig. 4) becomes more
abrupt as x and the B character of the Fermi-en..:gy In summary the predicted x-ray spectra of one-
states increases. In general the spectra exhibit low-energy dimensional A , substitutional alloys are rich in
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features that are associatedwith alloy disorder, x-ray edge, hosts appear to be related to.-,the fact that the Fermi,.
effects, and van I-ove'sir gulari ties. The effects of alloy surface' states at the rare-gas site do n~ot 'have sufficient
disorder found here are probably more pronounced than alkali-metal character. An interesting prediction of the
one would find in three-dimensional alloys, owing to the model is that the emission spectrum fromp rare-gas atoms
lack of multiple paths circumventing any highly disor- in alkali-metal hosts should also have ramplike thresholds
dered region. Tw.o particularly interesting features of the rather than edge anomalies. It would be gratifying if this
calculated spectra appear to hold promise for explaining prediction were verified experi mentally.
some old mysteries. ~ID The anomalously symmetric XPS
lines ot sodium-tutigsten bronzes appear to be related to ACKNOWLEDGMENT~
the fact that the character of the one-electron states at the
Fermi energy is such that these states are not efficiently We ar.. grateful to the U.S. Office of Naval Research
excited by a Na-site core hole, and (ii) the ramplike linear for their generous support (under Contract No. N00014-
absorption thresholds of rare-gas atoms in alkali-metal 84-K-0352).
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Electronic structure of Pb1 _.,-Sn.,Te semiconductor alloys
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The electronic structures of the pseudobinary alloy semiconductors Pb1-,Sn,Te are analyzed
using a tighit~binding model with spin-orbit interaction. The dcnsities of states and thc kland gaps
at the L point arc computed for both the efrcctive media using the virtual-crystal approximation
and the realistic media employing the recursion method, and the results are compared. Both
theories exhibit alloying effects such as band broadening, energy shifts, and Dimmock's bjand-
ciossing phenomenon. Hlowcever, significant deviations from the virtual-crystal approximation are
round for the cation-derived s-like eep valence-band states.

1. INTRODUCTION Ph1 - Sn,,Te using the recursion method with a tight.
binding model. Pbt-,SnTe is an int%-resting material

Tim narrow-gap IV-VI semiconductor compounds and for this purpose because its constiluen., semiconductor
their pseudlobinary alloys have unique properties. They compounds PbTe and SnTe have vcr similar overall
have on te average five valence electrons per atom, electro~iic structures, except for the Dirrmn)ck reversal
small direct band.gaps at the L point, and high static of the valence- and condluctio:i--and -Oges; the alloy
dielectric constants of order 10-. They often show a contains light (Sn) and heavy (Pb) cations. Moreover, the
variety of anomalous thermodynamic, acoustic, and elec- -electronic band structures of these materials have large
tronic properties.'~ Pb1.., SnTe is an especially in- spin-orbit splitti.-:;s, and the fundlametcia.l gaps are not at
teresting semiconductor alloy because the symmetry of the center of the Brilloujin zone, k=0. lndlecd, some au-
valence- and condluctioat-band edges of SnTe is reversed thors believe -that PbTe and SnTe are ionic rather than
compared to PbTe and other IV-VI semiconductors: covalent materials. Therefore the usual criterial0 for
The condluction. and the valence-band edges have L the validity of the virtual-crystal approximation may not
and L6 symmetry, respectively, in PbTe and most other apply.
lY-VI semiconductors, while the ordering is "Dinimock In Sec. 11, the tight-binding model fc,' the parent semi-
reversed" in SnTc.1 3 This has an interesting conse- conductors PbTe and SnTe is discussed, and the recur-
quence: the fundamental band cap closes to zero at an sion method is outlined. In Sec. Ill, the results of the
intermediate composition x in Pbt_,SnTe.) This prop- calculations are presented and discussed. Section IV
erty of the fundamental energy-band gap vanishing for a summarizes the conclusions.
selected composition means that alloys with co'mposi-
tions near this composition exhibit small band gaps that 11. CALCULATIONAL PROCEDURES
satisfy the speciri needs for infrared source-s4 and detec-
tors$ in modern technology. Therefore it is very impor- A ih-idn oe
tant to understand the effects of alloy disorder on the A ih-idn oe
electronic structures of these technologically important It is well known that Pbl-.,SnTe forms a single-
inateri±~s. phase pseudobinary alloy over the entire composition

Recently, Spicer et al." have reported experiments in. range x, with aboullt 2% "or latice-constant change from
dicating the selective breakdown of the virtual-crystal P.'Te to SnTe. Bt:i compounds crystallize in the rock.
approximation for deep'valence bands in .11 1 . dTHal tutr ih tiec'itn 6.4A for Pblvc and
[which is a covalent semiconductc~r alloy containilng 6.327 A f-or SnTe (Ref. 11) at .300 K{. The. electronic
"light" lId) and "heavy" (HL,) atoms], and have structures of PbTe and SnTe (and other IV-VI com-
identified that phenomenon as resulting from the Hg 6s pounds) have been eytensivelv investicard thevo-etically
atomic levels being significantly below the Cd 5s levels, and expurimentalt ' A variety if computational t-'-ch -
Also, Hiss er al." have obtained similar disorder -effeacts niques such as the, relativistic augme-it ed-plane- wave
theoretically, in Hgt..,CdjTe using thie cohierent- IA!'W) method'2-' the o-t h on ormalized -plane- %ave
potential appro.\ima-ion. Dais has also found lare-e de- OWWI methodl,l the emnpirical pseudopotential
viationn from virtual-crvsia! b-havinr theoreticailly in method,t IQ and thie relativistic Oreen's function. or
P'bI...Sr.,S wi.:re the cat' m;s Pb Itconie -ratton 6s-6p~) Korrinta-Koin-Rostoker method KIte.2)hv
and Sr (configuration 5s~l differ so -.u,* that an average been used to calculate the electon;, band mmeutur*'s of
cation potential i-. meaningless. these materials More recently, a scl;-consitent re:ttiv-

The present work analyzes the effects of alloy disorder istic APW caictulation for SnTe (Ref. 21) and first-
on the electrcnic struLtures of the random alloys principles pseudopotential total-en~rey calcuk~atioti for
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ihie ,groiind tate properties ,,nd electronic stfuctures. 6f where V is the pOefiodic c rystal' potential. The -spin~orbit
PbTe.ad Si,(Ref.. 22)"hive beefi-reported. Although, termfwhich~m a -§pIi'% degenerate'levels is
colnsid-.rable .differences% riiay..exist con~cern ing. some de-
tails, such as theparitv ssignmnents-at the Lpoiri2 - and Ik,,=ha.(VXp)/.t1nc. (2)
gap structures at critical-points (for example, some gal-
culationst3.16 2 showed a "hump -sti ucturc," i1e., the L a nd the remaining terms, are the Darwin and mass-
point is not-a minimum. or maximtn-energy point, but velocity terms, respectively.
a saddle point in SnTe), the geea etrsof the vari- Employing the ideas of Harrison,:~ ChadiiK and Vogl
ous band structures mentioned above are quite similar. al.,29 the nearest -neighbor tight-binding Hamiltonian
Concentrating on this point and the fact that the recur- can be constructed,
sion ~method takes its most convenient form in a tight-
binding model, we shall use in this work the empirikal HO ~ a, ia. R )E., 0 a, F
tight-binding Hamiltonian matrix elements of Lent
et al.,2' which are obtained by fitting the'eigenvalues of + !cJ,a,R+d)Ei,,(cJi,a,R+dJ1
the tight-binding Ilamiltonian matrix to-the expenimen-
tal band Pap at the L point and to band energiet, at sym-
metry points, as calculated by Herman et a/." ( a,i,a, R ) V,. ( c~Ja,R'd I

Since thc relativistic corrections to the e~hergies of
heavy materials; particularly those including Pb, are -Hc)H,,(3)
sign ifican t,2 1- 2' the Hamiltonian used for band calcula-
tions should include these effects. The relativistic H-am. where H.c. means Hermitian conjugate, R are the lattice
iltonian which produces the energy-band structure ha,, vectors, i and j are the localized quasiatomic orbital., for
the following form:1t2  the cation and anion, a is the spin index (up or down)i, a

and c refer to the anion and cation, respectively, and-d is
H=p/M+VH +'-' 8 C_48.C the position of the cation relative to the anion in any

unit cell: d=(aL./2,0,O). The spin-oni~it interaction
(1) term can be described by the following Hamiltonian: 24

H = a, i, a, R )(P /2)L.a,,' (a,a', R I -- 1c,1,o',R)(%../2)Leo'c(c,a',R (4)

As a basis set, we used IS quasiatomic orbitals local- R 11 =b,. J I a, 1vi+ +b..., %,- 11 (5)
ized on each atomic site wvhich are assumed to be mutu-
ally orthonormalized by the method of L~wdin: 30 SP With an initial choice of 101 and b0 =0, this equation
pys p., d,, d ' " dX d., and d:, for each spin-up can be iterated to determine the recursion coefficients a,,
and -down state. The parameters of this model are angiven,,... N n teGens uc~n
in Ref. 24, and reproduce the experimentail bani -aps at GOOE=1 (6)
the L point' (0.186 eV for PbTe and 0.3 eV for SnTe) asb
well as the calculated band energies of Ref. 15 at the E to
high-symmetry points r, x, and L. The resulting band E a- b
structures are given in Ref. 24. In particular, the Dim- -aa~
mock reversal of the band structure from PbTe to SnTe %%hr .anifntemlpotvemgnryat.I

is crretlyrepodued y te mdeLpractice this expansion is cut off a, somne finite level L
(=51 hecre). and the remainder is neulected. Then the

BI. Recursion mettind local densities of stai,:s for a speciflc site b and sym-
metries i are obtained from G0.0 by taking the imaginary

To obtain the dtensitiv% of states of !'bi-..SnTe alloys, part: ( -.7rr.mG0 . The choice of initial state 11
we require a theory that is capable of predicting the
spectra characteristic of pairs and clusters of minority 0 = I b- aR (7)
atomns, namely a theory that gnes beyond the viknual- u
crystal approximation tYCA, (Ref. 31) and the
coherent-potential approximation (CPAI (Refs. 6, 7. 10, where, ± means that each term is '-e andomly
and 32-36). WVe us. the re~u-,lon nicthod,8&3 whicn ex. chosen sign, yields the Iot a! den-,i-> of statts projected
ploits the fact that the Hlamiltonian matrix for the alloy onto the bI. ': -ion or catioi '.ite an . the %ymmetry i in a
can be transformed into a rtal :,vmmetric matrix by uni- random allov, and zhe suni of thz.,, local-state densiies
tary transformation from the old basis i) with is thle Iola! density of states. De-,:!s of the method can
4 =0, I-----. , where 4' stands for b,iu,R) ,o a :;cw be round in Ref. 317; computter programs for executing
basis ' v) (v=0, 1,2,. . . ... Thus we have the recursion method are av'ailabl.'
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ill. RESULTSAND DISCUSSION i A

We first calculate' the density of .tates for the'pe'fect - e s SnTe
crystals PbTe anz' SnTe, employing the nearest-neihbor U
tight-binding mc,del discussed, in the previous section. 4 4
The results are ,,hown in Figs. I and 2. The dot-dashed Tep S i
curve is the density of states 6btained by the Lehmann- r Sn Sn p Te PTaut method.39 [n this method, the Brillouin zone is 0 ,

decomposed into a set of tetrahedra, and the integration 2 ,
over the Brillouin zone is evaiuate.d using an analytic ex- ex./ ' :)

pression. The solid curve i:.;from the recursion method.
A 12X2X I2-aton cluster was generated to simulate .__0
the perfect infinite crystal, and 'he local density of states o -18 -12 -6 0 6foreach orbital i,a was calculated with periodic bound- 0 Energy (eV)
ary conditions. FIG. 2. The virtual-crystal.approximation (dot-dashed

The overall agreement between the two methods is curve) and the recursion-methud (solid curve) density of states
very good, except for some minor details such as the in SnTe. A 12X 12X 12-atom cluster with pediodic boundary
peak structures and the band-gap smearing- the conditions was used in the recursion method,
differences between th- results of the recursion method,
and the Lehmann-Tat: method are within the tolerable
range. The &-function-;ike peaks are associated with van
Hove singularities due to the long-range -order The to the density of states of PbTe is displayed. The'lowest
more or less smooth peaks in the upper valknce bands val:nce band is-predominantly anion slike, and-the-mid-
given by the recursion methoa (solid curve) are partly die valence band is, cation s-like. The upper valence
due to the finite size of the cluster and partly due to the bands 'have dominant anion p.ike character, while the
limited resolution of the prescnt method because of, the lower conduction bands are p-like and cation derived.
finite cutoff at L =51. We-determined this uy varying This can be visualized by the following simple picture.
the size of the cluster and L.) Another difference is that The Pb atom has four valence electrons (6s'6p") with
while the Lehmann-Taut method clearly shows the band free-atomic orbital enere'es - 12.42 and -6.9" eV (rela.
gap to contah, no states. the band edges are smeared in tive to vacuum) for s and p orbitals, respectively, and the
the recursion method. The main reasons for this are the Te atom has six valence electrons (Us5pI with orbital
limited resolution o' the method and the incomplete can- energies - 19.05 eV (Ss) and -9,'9 eV (Sp).41 The two
cellation of the off-diagona! elements of the Green's 5s electrons of Te, which have the lowest orbital ener-
function due to the choice of 'andomly phased initial gies, form an isolated valence band deep in energy, and
state. The band edges can be sharpened by choosing an the two 6s electrons of Pb form a middle valence band.
initial state 10) localized at the center of a cluster or by The two 6p electrons of Pb and the four 5p electrons of
investigating the spectra! density of states (as will be dis- Te interact with each other to form bonding (valence
cussed below), In Fig. 3, the contribution of each orbital band) and antibonding (conduction band) bands. There-

....

- PbTe d orbital
5- PbTe 2 Pb site

- Te sile
4l- Te sit

Te p
Pb . PbP '

S b p 2, p orbitol
Te p

S i Enrg = C
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-e8 -12 6 0 U • iI

-le -12 -6 0 6
FIG. I. The virtual-crystal-appr, imation (do. dashed Energy ( eV)

curve) and the recursion-method 'solid turv!) densi'y of states
in PbTe. A 12X 12x 12-atom clusftr with petiodic boundary FIG. 3. Local density of sttes for cation (dot-dashed curve)
conditions was used in the recursion method. The zerc of en- and anion (solid curve) calculoted by the retursien method in
ergy is the valence.bnd maximurn. PbTe.
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I s orit2

2, .00
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0 Energy cv)

0 FIG. 6. The virtual-crystal-approximatih'n (dot-dashcd
is8 12 -6 0 6 curve) and the recursi6n-method (s6liL curve) density of states

Energy e v) in Pbo4Sno6 Te, A 12>\1,12X 12-atom clust6' with periodic

FIG. 4. Local density of states (6r cation (dot-dashed curve) boundai $ conditions was used in the recursion method.
and anion (solid curve) calculated by the recursion mrethod in
SnTe.

Pbl-,Sn.Tc are calculated using both -,he virtual-crystal
fo'.e, alloying PbTe andSnTe, which is equivalent to dis- approximation and the rccursion method for a number
tributinig Pb and Sn atoms~ randomly-,oncation sites,-has of -compositionsx. Again,. the density of states--is-ob-
the largest, effect, on the cationlike middle valence band. tamned by the use of the Lehmann-Taut method in the
'Th ,e characteristics of the local density-of-states struc. virtual-crystal approximation, and a 12Xl2X 12-atom
ture in SnTe are similar to those-of PbTe (see 'Fig. 4); the cluster is used in the- recursion metho~d with periodic
5s and SP free-atomic orbital energies of Sni are at boundary conditions. In order to avoid sample-
- 12.97 and -7.21 eV, respectively. dependent results, %-2 repeated the calculations for five

We generate a model of the random alloy Pb1 -,SnTe different alloy configurations of 12) atoms, and av'eraged
by rar.,iomly occupying cation sites by either Pb (with the densities of states. The results are shown in Figs.
probability I -x) or Sni (with probability x), while all 5-8. The solid curves represent the recursion density of
anion sites are occupied by Te. The matrix elements of states, and the dot-dashed curves are for the virtual-
the alloy H-amiltonian are derived from those of TbTe crystal approximation (VCA) results. Both the virtual-
and SnTe as follows: On cation sites, We use either-PbTe crystal approximation and the recursion density of states
or SnTe matrix elements, depending on whether the site show the alloying effects, i.e., energy shifts and width
was occupied by Pb- or Sni. On Te sites, we average the changes of the density-of-states peaks. H-o%%e\ er,
PbTe and Sn'lc matrix elements, weighting the average analysis of the middle valence band near -7 eV, which
in proportion to the number of neighboring Pb and Sni has the greate.,t alloying ef cle carly reveals the
ato)ms, to the Te. Then the densities of states for differences between the pred.-Ctions of thle two

6 6 . .

= 5 -P b0  Snc 05Te
SPb 0  Sn07 Te 7.

.~~ ~~j- - Recursion4 Rcuso

VVCA

hi2 -

.o..-18 -12 -6 0 6
.2 -18 -12 -6 0 6Enry(V

(D ~~Energy Ce. )Eeg V

FIG. 5 The virtual-cr~ stal-a'-proximation (clot-dashed FIG. 7. The virtual-crystal-app,-roximaticn (dot-dashed
curve) and the recur~ion method tsC .ur'e) kcnsii uf states ;ur'e) uid the recursion-method ksolid .ur'cl dcnsit> of states
in Pb~jSnn-Te. A 12-. 12X 12-atom cluster with periodic in Plb,,Sn,,STe. A 12-. 2X 12-atom ciusitr "%ith periodic
boundary conditions~ was used in the rccur .un method. bound-Ar) condition "as used in the recursion method.
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L~~h~n 0 T . *Virltual crystal
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C-) ' I
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o --- VC A

2 -~

-~~~ ~~ ' 0.20_____ ___oZ

Qnrg (V -0.406
FG S.Tevirtual-crystal-approximation (dot-dashed 0.0 o.2 '0. 4 016 0.8 1.0

curve) and the recursion-mlethod (solid curve) density oostates PbTe Pb ! Sn f e SnTe
in Pb0,§Sn 0,4Te. A l2x12X l2.atom cluster with periodicCmosinx
boundary condition was used in the recursion method. o ostnx

FIG. 9. The band gap E(Lj )-E(L;) of Pb1..,Sn1Te vs-
composition;x. The solid circles (triangles) are obtained using

methods.-thc effect of-disorder. This band is a doublet, the virtual-crystal approxim~tion (the recursion method), and
with its low, and high-energy components due to Pb ,and the solid line represents the interpolation of PbTc and SnTe ex-
Sn-s states,respe c 'ively. perimental results of Ref. 3.

Since the bands-that exhibit the alloy effects which are
beyond the virtual-crystal approximation are cation s-
like in character, spin-orbit coupling does not produce
any novel! features in the spectra of Pb1....SnTe, beyond composition x by diagonalizing the virtual-crystal empir-
the spin-orbit -features found,, in PbTe, SnTe, and a ical tight-binding Ham..tonian (solid circles in Fig. 9).
vi rtual-crystal theory of Pb I ., SitTe. Also the corresponding quantity can be calculated using,

Fortunately the results we find agree rather well with the recursion method. In alloys. the translational sym-
what is expected, based -on the Onodera-Toyozawa metry is brvken, thus the wa-. -:ctor - is not a good
theory of alloys 10-despite the fact that theory, to~ our quantum number. However, "No still can. define the
knowledge, has not been applied previously to alloys spectral-density functions analogous to those of the per.
with fundamental band, caps at the L point of the Brij. fect crystal by the following:3

-bumn zone. The density-of-states spectra of the alloys
exhibit som -e features that are "persistent" and others AkE=(/r i~~~,~!GE+e
that are "amalgamated" in the terminology of Ref. 10.(8
The persistent ifeatures are associated with the cationlike
middle valence bands: the Pb 6s-like and Sni Ss-iike where I b, i,or, k) is a normalized Bloch sum over all unit
bands that retain their cliatacters in the alloy -because cells 'of orbital i with spin or on each atomic site bi (anion
the perfect-crystal bzends do not overlap in enefigY. The or cation). Then the position and broadening of the
remaining bands are amalgamated and tend to 'orm, hy- peak represents the energy shift and damping of a par-
brids of' the PbT.- and SnTe bands rather than exhibit ticular quasiparticle state of energy E and wave vector k.
separate PbTe- and SnTe-like bands. This ainalgamatioh Since L I (L )has anion (cation) p-like cha: -. ter, a
occurs because the PbTe and SnTe bands overlap in en- Bloch sum of (p,- +P P:)/v3 on each anion cation)
ergy, and hence mix in the alloy.'0  Bands that fall site at the L poirnt'is chosen as the initial state, I0) for
within this amialgamnated reginie can generally be de- L + (L;, and the spectral der'sity of states .- (k, EYis

scrbed ina frstappoxila! 'n bythevirualcrytal calculated. Then the gap is defined by the differences in
approximation, the peak values of A (k, E), i.e., E (L -E(L .Thle

Althughit i staighforardto iclue a alece- theoretical predictions are shown also in Fig. 9 (Folid tri-
band offst in the calculation by adding a constant ener- angles) in comparison wvith a linear interpolatioi. of the
gy to all of the diagonal matrix elenients of eithe, PbTe experimental band gaps of PbTe anid SnTe (Ref. 3) (solid
or SnTe 'by construction, the m'atrix elements of Ref. 24 li).TetoricluetatynEL,-(L)s
place the zero of energy at the valenct-.bd maximum), =0O.02 eV' for 0 <x < 1. The calculated band gap, is al-
we have not done so here because the offsiet is thought to mot.irerfninofc pstonxadoprs
be small (of order 60 meVj,4' almost neg.igible on the wvell with the exp,.rimental results.
scale of the figures.

It is well-knowvn that the fundamental band pap of VSUMR
Pb,.iaTe closes at some intermediate composition be-
cause of the inverted band structure of SnTe. We calcu- The electronic structures of Pb1... SnTe alloys, in-
lated E(L; 1-E(L; I of Pb1-.Sn.,Te a.- a function of cluding their parent semiconductor compounds, have
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been,7nalyiedusing the "tig ht-bhdn m Ae'w hsoin- tioni bands. Finally', thy dmosrl t h

orbit ihier'Action. The d~n.sjtie ,of ste'c~were compu ted. Onodera-Toyazawa' -criteria Ican b6 applied to
for both the eflectivemedia usih-'-the,-vfrtuAI-crystA1 ap- Pb,,Sn,,T6 even though these alloys-have the6ir funda.
prokimationwaid th16,realistic media--enipoy'ing' recur- mental;.band gaps at L: the citionlike s-like middle
sion method, andthe results were compared. As expect;; vaiencebahds 'are persistent while the too v'lence band
ed, both 1heories exhibited alloying effiects'su~h as, band and lowest cond6tion-bandare amalgamated.
broadening and energy shifts. However, the two
methods differed in their- predi Ictions; for the cation-
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We review theoretical interpretations of Schottky barriers an I Fermi4e e: pinning, which result
when metals and other chemical species are deposited on semicnr. e!c;c - .:faces. Experiments
indicate that these two phenomena are closely connected, sc. a theory of Schottky barriers must
also explain Fermi-level pinning for submonolayer coveragzs of both metallic and nonmetallic
species, Proposed mechanisms include the following: (a),Intrir Fic surface stats. Ior. GaAs and
severM ot4!eh-materials, there are no intrinsic surface -,tates Within the band gap,.GaP, e.g., does
have surface states in the gap, but they are r,,t at the correct energy to explait. Schottky barrier
formation. (b) Metal-induced gap states. These states, which require a thick metal overlayer,
cannot explain Fermi-level pinning at submonolayer metallic coverages. Th ey also cannot explain
why a single semiconductor (n-type InP) exhibits two distinct Schottky barrier heights.
Furthermore, they cannot explain why the Schottky barrier persists when there is an oxide layer
-between semiconductor and metal. Metal-induced states can in principle give' rise t6"Schottky
barriers at defect-free interfaces, but they fail to explain much of the existing experimental idta for
III-V semiconductors ana Si. (c) The classic Schottky model. This model is not in agreement with
experiment for III-V and Group IV semiconductors, but does appear to account for the
measurements involving nonreactive metals on GaSe-a layered material expected to be
relatively free of defects. (d) The Spicer defect model, This phenomenological model, now
supported by microscopic theoretical studies, appears to account for many of the observations
regarding Schottky barrier and Fermi-level pinning. We review our theoretical investigations
within the framework of the defect model, which provide a satisfactory explanation of the
principal observations for both III-V and Group IV semiconductors. We conclude that the levels
responsible for Schottky barriers and Fermi-level pinning arise from two sources: (1) bulk-derived
deep levels (e.g., the deep donor level for the antisite defect Asc,, which persists when this defect is
present at the surface, but which is shifted in energy), and (2) dangling-bond deep levels (which are
also shifted in energy act-rding to the environment of the dangling bond). Most of the observed
Schottky barriers-for both III-V and Group IV semiconductors-are attributed to dangling
bonds.

I. INTRODUCTION Here we review various microscopic mechanisms th..

Schottky barriers have long been of interest, and many mi- have been proposed to explain Schottky barriers and Fermi-

croscopic mechanisms and phenomenological pictures have level pinning, and we exa." .'e to what e,.ent these mecha-
been hypothesized to explain them. Nowadays, however, the nisms are compatible with the experimental data.
theorist is considerably more constrained by the body of ex-
perimental fiidings than he was only a few years ago. It is no 11. POSSIBLE MECHANISMS
longer sufficient to offer a theory that fits only a limited set of A. The classic Schottky mechanism
Schottky barrier data. A theory now must also explain the The original intz.-pretation of Schottky barriers-that
related data on Fermi-level pinning at submonolayer cover- wh;ch is associated with Schottky himself (and other early
ages of various metals and other chemical species."' For workers)--is thai charge transfer be!ween semiconductor
example, the experiments of Williams and co-workers5-7 in- an ' metal results in a dipcie layer at t'e interface LAd an
dicate that n-InP exhibits two distinct Fermi-level pinning equilibratin of Fermi energies. Accordirg to this interpre-
po.sitions. even for thick metal depositions-one just below tation. we have
the condo.tion band edge E, and the other about 0.5 eV
bedow E. Recently Mdinch and Gant" discovered that the 6S = W-X, (1)

ii-level pinning forp-GaAs anneals out at the annealing
temperature of an antisite defect. A satisfactory theory of where oB is the barrier height, Wis the work func:. ,n of the
Schottky barriers must explain such obser% ations in addition metal, and X is the electron affinity of the serniconductor.'6

to successfully predicting Schottky barrier heights. Equation (1) is violated for III-V and Groi, IV rmicenduc-
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tors,;-' and this is essentially the f eason that Bardeen ori- ory ofthe formeris also required to be a theory of thelatter.
gihally proposedFermi-level, pinning by surface states of Metal-induced gap states,. however,iare supposed to extend
some kind. However, Eq. (I) may be c6sistent with the mea- into the bulk of the metAl, ad so they are not even definedfor
surements for some more ionic systems, such as some II- submonolayercoverages. (2) Theories of metal-induced states
VI's, and for relatively nonreactive metals (the noble metals, predict a single barrier height for each semiconductor, al-
Au and Ag) on GaSe. Since GaSe is a layered material ex- most independent of the metal in the metal/semiconductor
pected to have a low concentration of defects, this observa- contact and insensitive to surface treatments. They, there-
tion indicates that nearly defect-free surfaces can exhibit fore, fail to explain why two distinct Schottky barrier heights
"Schottky" type Schottky barrier formation. are obse.ved for n-InP. '-7 (3) Schottky harrier heights are

often not very much affected when an oxide layer is inserted
B. Fermi-level pinning between the semiconductor and the metal (see, e.g., Ref. 5),

Bardeen proposed that Schottky barrier heights are due to whereas metal-induced gap states require an intimate semi-
Ferm,-lcvel pinning by surface states. either intrinsic or ex- conductor/metal contact; i.e., meta:-i, duced gap states do
trinsic.' The essential feature of the Bardeen model is that not appear to explain real-world Schottky barriers, which
the Fermi energies of the bul. semiconductor, the semicon. oft.n involve an oxide layer at the interface. (4) Metal-in-
ductor surface, and the bulk metal must align-and that duced states do not apply to semiconductor/nonmetallic in-
charges diffuse, causing band bending, until this alignment is terfaces, like the GaAs/oxide interface, which exhibits 'he
achieved. Much of the current interpretation of Schottky same Fermi-level pinning as metals,2A 's 14 (5) The states as-
barrier formation is based on this Fermi-level pinning mod- sociated with any adsorbate-metal or otherwise-c, n be
el-with many of the current controversies centered on the expected to depend strongly on the c¢'emical identity o" the
issutc of what agents do the Fermi. level pinning at specific adsorbate. Fermi-level pinning positions and Schottky bar-
metal/semiconductor contacts prepared under specific well- rier heights, however, are often about-the same for a variety
defined conditio'i, of adsorbates.' " (6) Estimates indicate thait the dipole pro.

duced by metal-induced gap states will often be at least an
order of magnitude too small to acrount for the Schottky

1. Intrinsic surfacestates barrier height." (7) The Fermi-level pinning for p-GaAs
Since the mid- 1970's, it has been known that there are no (110) anneals out at the annealing temperature co' an antisite

intrinsic surface trites in the band gap for the (110 surface of defect' -a fact that is difficult to explain in a metal-inducea
GaAs,i"- 9 and sc, such states cannot account for the ob- gap-state picture.
served Schottky barriers and Fermi-level pinning on this
surface. Th, ' .ne conclusion appears to apply to other di-
rect-gap Il-V semiconductors like InP, In the case of GaP, 3. The Spicer defect model
there are intrinsic (1101 surface states within the band gap, ' °  The fact thai measurements on several II-V semiconduc.
but these states are just under the conduction-band edge, tors (GaAs, InP, and GaSb) provided strong evidence for
whereas the observed Fermi-level pinning position for n- Fermi-level pinning-together with the fact that experi-
GaP (110) is much lower in the band gap-at an energy in ments also indicate that these materials have no intrinsic
good agreement with the predicted acceptor level for the surface stateb within the band gap-led Spicer and co-
surface antisitt: defect Po,, 2' workers" to propose the defect model. In this model, che-

misorption (or cleavage) produces defects of some kind, and
2. Metal-induced gap states these defects g' ,e rise to deep (or shallow) levels that account

Th: possibility of metal-induced gap states at semicon- for the observed Fermi-level pinning and Schottky barrier
ductor/metal interfaces has been discussed by a number of formation.
worxers.'6 1'2 23 0 Sach states should be properly treated The original Spicer defect model was phenomenological,
thougl. a microscop.- calculation in which semiconductor and did not specify the pretise nature of th. defects responsi.
atoms are bonded to metal atoms. Only a calculation of this ble for barrier formation. 0, ;r the past se, eral years, we
kind-with the interface electronic states obtained by sol%.- have attempted to provide a mizrusccpic the...> by perform-
ing Schrodinger's equation at the semiconductor/metal in- ing detailed calculations fur pa;..uhr defe. -. , We find
terf..ce in an atomistic picture--constitutes a proper micro- that the principal experiment.. ob.ervationi are well ex.
scopi, theory. Some treatments of metal-induced gap states, plained by the theoretical results fo" a few simple defects.
however, have been based on plausibility arguments or very For example, r".. 1 shows the interpretation of the ob-
crude approximations, ,vith a consequent loss of reliability. served Fermi-level pinning psitioi and Schottky barrier

In principle, metal-induced gap states can produce heights for various metals and, ther chemical species depos-
Schottky barriers and Fermi-level pinning. In practice, how- ited on the (110) surface ofn-In!.* The fact that there are two
ever, they do not seem to explair. the observations on those observed barrier heights for th. single semiconductor finds
systems that have been stuiied ap until now. There are sev- a natural explanation in the defect model-name!y, thereai,
eral difficulties in trying to explain the observations with two different nati'c defects involved ,n addition to possible
metal-induced states. (1) There is a clear connection between surface impurities). Nonreactive metalb p, oduce ,ntsa, de-
Schotfk: barriers for thick metal contacts and Fermi-level fects, and reactive metals produce acanls" "' .tsthedomi-
pinning for submonotiyer coverages of metal2- 1s, i.e., a the- nant defects. The observed "sui -..hing' of barrier heights
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FIG. L. Surface Fermi enlergy of n-type !nP vs heat of react ion of InP'4ith Fic 3, Scht~ bare height 0, as function of alloy compositionx for Au
the. tictsls Ni, Fe, Al, Cut Ag, and Au, accurding to Ref. 5. The theoretical
surface defect levels for the P vacancy (V,), the native antisite defects (Inp contacts to n-ty'ie All., Ga, As, GaAs, -. P,, 03, ., 4 lP lnP, -,A.

and Ps.,, aind the extrinsic impurities S on a P site (Sp I and sn on an In sit and In, - Ga. As, after Ref. 39, where the source of the experimental data
ISni.), are gi"wtn at the right. The n-InP data can be interpreted as follows: are cited. The tlieoretv. .. r heights correspor-d to the antisite defect
Nonreactive metals produce antisite defects: reactive metals ani treatment cation-on-4nion-site (e~g., (a,,J.
Of the surfa1ce With oxygen and Cl produce P vacancies. Treatments with Sit
and S produce surface Sn,6 and Sp. After Refa, -37 and 38.

fortuitously good, in view of the fact that there are uncertain.
shown in Fig. I provides' art iiItait t!:~ est for any ties in the theory of several tenths of asn eV; i.e., we do not
theory of Schottky barriers, claim Lhat the theory can predict Schottky barrier heights to

In Fig. 2, the experimenal1."1' and theoretical" levels withinP I0.1 V! However, we regard Fig. 3 as dramatic evi.
for GaAs (110) are compared. Notice that there are again dence that he defect model does provide a very satisfactory
two acceptor levels predicted by the theory for surface anti. explanation of Schottky barrier heights as well as Fermi.
site defects, in accordance with the experimental observation level pinning.
of two distinct Fermi-level pinning positions for the single As the above ex~amples make clear, the theory indicates
semiconductor n-GaAs.9" Ithat most observations of Schottky barriers and Fermi-level

In Fig. 3, we show the comparison of experimental and pinning for Ill-V semiconductors are explained by surface
theoretical Schottky barrier heights, with the harrier (for Au aittisite defects (with vacancies also involved in a few cases).
contacts) assigned to the surface antisite defect, cation-on- The antisite defects' deep tevels that are responsible 'ior Fer-
anion-site (e.g., GaM). The level of quantitative agreement is mi-level pinning invariably have dangling-bond character.

For Group IV semiconductors, however, there are no anti-
site ,1:;kfccts. In this case, an even simpler type of the derect

GaAs, GaAs surface sufflcxzs to explain the obscrvatons-nanely, danwiirn;
experimnent bonds. These dangling bonds must have a neighboring voiu,

vacilT cy, or disordered region into which they dangle; other-
w,;, their energy levels would be severely altered by the

metjlI of the metal/semiconductor contact. Therefore, we
-0-- ref'. r to them as "sheltered, " ".and recognize that a sheltered

an-ti.ite defect is essentially a (vacancy, antisite) pair.
As,, described in some detail in Refs. .4)-43, dangling

oonds provide a very good explanation of the experimental
0 measuremnents for Si, Ge, diamond, and -imorphous Si inter-

face, I with various metals. 41-5' For example, on the right.
han~l side of Fig. 4 we compare the theoretical dangling bond
energty with the experimental Fermi-level position for
Orcutp IV semiconductors linferred from the Schottky bar-
rier hieight 0, for Au contac:s. as described in the figure
caption). It can be seen that thexe is good agreement between

"chemiscratton -cleavage As Ga theory and experiment, with respect to both chemical trends
-related" -re -)led" Ga As and the position of the energy within the band gap: This

Fta. 2. Experimental Fermi-t.vet pinning positons forn- and p-type GaAs, same level of quantitative and qualitative agreement is found
(Refs. 2-4 and 8-1l) compared with theoretical predictions for surface ani- fo aiu rc ytm-oaby o h ehooial
site defects (As.. and GaAS .Solid circles refer top-type GaAs lexperiment), 4
or todonor levels which will produce Fermi-level pinning onp.GaAs (the. important Si/transition-metal-silicide contacts."
ory); open circles refer to n-GaAs. or to acceptor levels which will produce In F~g. 4, we also show the cation dangling-bond energies
pinning on n-GaAs. for III-,V semiconductors, together with the experimental
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-X - 1 210 -formation, of course,it must be present in appreciable con-
r (centration. This mneansabcluti surface defect'per'100 ~iurf~cle'

20. r 1 ]atoms, according, to our calculationaildthosecof Spicer~ et.
13' Calla al." (For bulk defects, the screening~of the semniconciuctor,

Danin \ g, with dielectric constant e lO, inmplies that an orderofmag-
Bond 10S. (Frbl dfcs hecen::fh cicnutr

nitude more defects are needed-about .bulk defect per 10
to r L surface atoms.54) However, we do not find it implausible that

there may b a rather high concentration of intrinsic and.' ". antisite dangling bonds at the rather disordered--n; n

aA. San 00 fortunately, not- yet completely characterized-interfaces

AliGq
a As 0,P 1 GIn " k *' 6,As, ir , .3a 00 between III-V semiconductors and metals. In fact, Mdnch

00 , 'A et al."t find that for the "mild" Ge on GaAs system, at low
,A,~ Gas OP l., In , Go $ , coverage (_0.5 monolayer). states (defects) are created at a

FIG, 4, Surface Fermi energy for n-type semiconduct. -%, inferred from rate of 0.06 + 0.04 perdeposited Ge atom, which for a cov-
Schottky barrier measurements (using , - E , wh.re4 isthebar. erage of on'y a single monolayer corresponds to Ltween 1
rier height, and Ell and Es are, respectively, the co|.duction band mini- defect in 10 and defect in 50. If IlI-V semiconductor/
mum and the Fermi energy at the semiconductor surf.ace), cqmpared with metal interfaces exhibited perfect bonding and perfect order,
the surface Fermi energy predicted for dangling bond defects. The sources
forthedataarecitedinRefs,39 lI-VsemicondutorslandRef.42(Group then the defect model would be inapplicable. However, as
IV semiconductorsl. Both the chemical trends and the positions within the evidenced above, we believe that such iiterfaces are not in
band gap are predicted correctly for the Group IV semiconductors. For the fact perfectly ordered as they are grown curre'tly in the
III-V semiconductors, the chemical trends are predicted correctly, but the laboratory.
positions within the band gap are too high by 3/4 eV. This indicates that t.e
relevant dangling bonds are associated with antisite defects for the IIl-V's,
whereas simple dangling bonds explain the data for the Group IV's, Ill. CONCLUSIONS

The prcsent theory of Schottky barriers and Fermi-level

surface Fermi-level positions (inferred from the Schottky pinning by native defects provides a very satisfactory expla-
barrierdata dle in Fig. 3). Since the on dangling nation of the experimental observations for both III-V andbarirdaadisplayed iFg.).Snehecation dangling Group IV semiconductors. This theory involves two types of

bond state is empty (an acceptor), it would provide Fermi- def e erelss

level pinning on n-type III-V semiconductors if dangling defect levels:
bonds were responsible for Fermi-level pinning on these mathebond wee rsponibl fo Femi-lvelpining n tesema-As 0 , donor level of Fig. 2. This s-like level is derived
terials. (The anion dangling-bond state is filled-a donor- from the bulk Aso A donor level, 5 and is merely shift-

so it would provide pinning onp-type III-V's.) f rom the surfaed l

Two interesting facts are evident on the left-hand side of ed in energy at the surface"s

Fig. 4: (1) The cation dangling bond does a remarkably good IV semiconductors-Si, Tediamond, atd amorphous

job of reproducing the chemical trends of the measurements. Si-are explained by intrinsic dangling bonds.rp3 The

(2) However, it does a rather poor jce2 of reproducing the observations for ep i -V semiconductors-GaAs, nP,

positions of the measured e:,ergies within the gap. In fact, et n ter aly-a exinditost ase by
the atin dnglng-ondenegy s aout3/4eV oo igh toetc., and their alloys-are explained in most cases by

the cation dangling-bond energy is about 3/4 eV too hig. to dangling bonds associated with antisite defects, such as
explain barrier heights and Fermi-level pinning on n-type As on the Ga site and Ga on the As site. In some cases,
1I1-V semiconductors. such as reactive metals on n-InP, surface vacancies-

Although we do not display the results here, we have also which inoive intrinsic dangling bonds-appear to be

calculated the anion dangling-bond energies." These are involved.
found tr, be too low by about 3/4 eV to explain barrierinovd
foughtand be toolw bynning bo3/4 e tosexpiondubrr Our theory of Schottky barriers is thus primarily a theory
heights and Fermi-level pinning on p-type semiconductors. of Fermi-level pinning by dangling bonds.
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Predictions of thc cnci~y band gaps as functions of alloy composition arc givcnl for the Greene al-
Joys, which are metastable, crystalline, substitutional alloys of III-V compounds and group.Is' eite-
mental materials. All possible combinations (- these alloys involving Al, Ga, In, P. As, Sb, Si, Ge,
and Sni are considered. The r' and L conduction-band minima, relative to the valence-band maxima,
exhibit characteristic K'-haped bowing and kinks as functions of composition x: thlt band edge; at
point X bifuicate at critical compositions cciresponding to the order-di'order- tran, iwn of Newman
et al. The I-shaped be.%.ing due to the transition offers the possibility of band paps significantly
smaller than expected on the basis of the conventional virtual-crystal approximation. Alloys with
modest lattice mismatches that are r,'edicted to have especially interesting band gaps include
(InP)n...Geu., (AlSb)g..1Sn.,., (GaSbl 1..,Sn2,, and (lnAs)1...Snu, which are alloys with potenitilly
small band gaps, and (AlAs),.Geu and (GaAsl 1.- Si:,, which are alloys with larger raps and
several interesting band-edge crossings as functions of composition.

1. INTRODUCTION --of (GaAs)t...Ge , or A(GaSb)i_.,.Gez,, is a metastable,
crystaillne, substitutional alloy 6with a lifeti~te at room

Recently, Greene and co-workers have fabricated a new temperature of order 1029 years, The fundarneni energy
class of semiconducting (A I-1Bv)i.-.xX'% alloys for a wide band gap of (GaAs),_.,Ge! has been determined from
range of compositions." The 111-V compounds and optical-absorption measurements and shows a nonparabol.
group-IN' elemental materials are normally immiscible at ic V'-shaped bowing as a function of alloy co~npositon x
equilibrium,5 but can be forced to mix by ion bombard- (Ref. 7), A V-shaped band gap cannot be -.Npained using
ment during growth. The tesulting material, in the case the conventional virtual-crystal approximation, which

gives approximately paraixolic v' -- ing. This. Vshnr.-'
___________________________bowing is explained, however, wvith a zinc-blende-to-

diamond, order-disorder phafe transition.$
(Go~),-,Sn~xA theory for this transition has been developed by New-

X 0 0 006 man et aIY'- 0 and applied to (GaAs),-,. Geu. As seen in
Fig. 1, where the theory is evaluated for the conduction-
'band minima near points r, L, and X for (G-iSb)I_..Snj,,

> 0. - Xthe fundamental band gap exhibits a V-shaped bowing as
a function of composition, with .. kink a: :he crirical com-
positipon x,. This theory also gives smaller gaps than
those of the conventional virtual-crystal approximation.

b- In this paper we apply this theory to th-ecntire class of
(At1 "f*)i..xX"' alloys involving all possible combinations
of Al, Ga, In, P, As Sb, Si. Ge. and S,., arid we predict

C ~the energy band edges for thesei new metastab!4. materials
ri as functions of alloy composition x. We alko establish

general rules for understanding the clinmcai trends in the
band gaps and for choosing a mietastable (A ...Bv)t-,X"*

0.0 I IU1,alloy with a desired energy band gup.
0.0 0.5 1.0

x 11. THEORY
FIG. 1. Predicted bant! gaps at poinns r, L, and X versus al-

loy composit~on for (GaSL-1 .. Snu. Kinks are s-e.n in the r and The central Me_~ of the preset work is that all of the
levels and the level at point X:bifurcates at the assumed criti- (A.. "'Bi1 j'X' in.:astable alloys should exhibit an

m!~ composition of Nrwman's zinc-blende-to-diamond phase order-disorder transition from an ordered zinc-blende
trarsition, x.-O.3. The gap is direct for all compositions, structure tin which cations "know" which sites are sup-
runges% from =-0.6 to zero and decreases slowiy as a furction of posed to bL cation sites) to the disordered diamond struc-
com~position from 0.15 -V to zero for compositions greater than ture in which there is no distinction betwen anion and ca-
the critical composition. tion sites. The critical composition x, a: which thiz. tran-
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sition occurs'depends on the growth conditions of the al- composition x) undergo the order-disorder transition.
_16y. Newm~an showed that this ,formidable prablem could be

In developing a theory of the electronic structures of soilved by breaking it into four connecte~d parts: (i) an
these alloys, We must remember that very little is present- equilibrium phase-transition theory of' :he order parame-
ly known about these new and interesting mnaterial'.. ter ,%fx)A based on a three-cor-poncii I spin:"-
Many of the metastable alloys have not yet been grown; in Hamiltonian miodel similar to, the Bllumae, Emery, Grif-
most cases, satisfactory gro'wth conditions are not yet fiths model'-' of H-He solutions. [Spin-up, spin-dbiwn,
known; and it is not yet definite 'ly known if any of the or zero at a site in (GaAsijGe., Sif nifies occupation of
Greene alloys other than (GaSb)1....Geu exhibits the that site by Ga, As, or'Ge, respectively.) 1tiil Introduction
order-disorder transition (which should be detected in x- of the nonequilibrium character of the alloys by eliminat-
ray diffraction as the disappearance of the (200) zinc- ing those equilibrium phases tlhat cannot be reached due
blende spot as x approaches x, from belo)o]." These to growth conditions (e.g.. phasez sepairation, which occurs
facts are important in defining the nature of the, theory at equilibrium, is prevented because Jharacteristic growth
that is appropriate at this time; it should be global and tines are small in comparison with the It=e required for
simple, rather than detailed and excessiv'ely quantitative, the phases to diffuse apart). Iiii) mutual elimination of
With this in mind, we assi'me both that all of the Greene two unknown parametcer. of the spin -HurmIltonian model,
alloys exhibit the Newman et al. transition, an'd that there i.e., a spin-cou'pling cast: lit J and an) effective growth
exist growth conditions that will result in a critical com- temperature T, in favor 14of one empirical parameter, the
position x, =0. 3, the value appropriate for the two alloys critical composition x,;' and fi'.) evaluation of the elec-
grown to date by Greene and co-workers: (GaAs)1 ,Gcu. tronic structure using a modified virtual-crystal approxi-
and (GaSb)I_,,.GeU (x,. is probably experimentally adjust- mation and a tight-bindin.- model"t whos'a matrix ele-
able).1 We then predict the band structures (as functions inents depend parametrically on the order parameter
of alloy composition x) of thi; remaining (A IIBv)X'v M(x~x,). Thus, in the Newman approach then. arc two
metastable alloys with the intent of determining which al- Hamiltonians: Wi a spin-Hamiltonian for treating the
loys are likely to exhibit interesting and useful electroi-.c order-disorder transition and for calculating the order pa.
structures-thereby targeting specific alloys for priority rameter M(x;x,) and C0) an emp;-.aI tight-binding
growth. Thus, we prebent these calculations in order to Haa.iltonian-that depa-nds parametrical.y on
predict which materials are most likely to be interesting, U(x ;x,)-for calculating the clectroaic structure,
rather than pretending to specify the band structures with B. Spin-Hamiltonian model
any precision.

A. Order-disorder transition Newman et al. have shown that a Ill-V compound
semiconduCtor such as GaAs can bc modeled in a spin-

The order-disorder transition involves a change of syn:- Hiamiltonian language as an "antiferrornagnet" where
metr.% from the zinc-biende structure to the diamond- spin-up or spin-down on a site represents occupation h, a
crystal structure. In this transition, the distinction be- group-Ill atom or a group-V atom, respectively. Thus
tween anion and cation sites is lost. The relevant order GaAs, with altern:",,ng Ga and As atoms. ir this
parameter is:9  language, is an "an::ferromagnet." The "imagne~ization"

UMW("-(Pill )caion -'III )aio (1) is proportional to the net electric dipole momen: p.,. unit
cell, Eq. (1), and for zero-tem pera t tre GaAs at equilibri-

where we imagine a zinc-blende lattice with sites labeled urn, equals unity. In metastaH: %, ... LvIX alloys.
nominally "cation"' and "anion,"~ and (Pillcaio is the such as (GaAs)1... Gel , occo;ration of a site by a
average over all the lattice sites of the proiraiility that a column-lI' atom such aq Ge is represented by "spin" zero.
column-Ill atom occupies a nominal c~ltio:. site. Thits If the Ge wvere to occu:'% both ation and cation sites
MUx) is proportional to the average electric dipole :..no- without disturbing the occupation of these sites by Ga atnd
ment per unit cell. The orde.r parameter derwends on the As, then the ordt.r parameter would be JMt1x)= I-x.
growth c 'aditions te.g., substrate temperature, io:.- Howec'er, Af is not I - x because Ge ispin zero,, dilutes the
bombardment energy.' as well as on the composition x. "magnetization" M(x;x,) of this "antiferromagnect." by
For a completely ordered zinc-blende alloy, in which all removing nonzero -spins- at vairious sites, until there is
column-ill (column-\') atoms occupy nominal cation insufficient "spin-spin" interaction for an average site to
(anion"i sites, we have JA! = I -x. If althe cations are on '*know" it Fhould have spin-up or spin-down. With a suf-
anion si:ces and the anions are t'r cation sites, wve have ficient con-ei-tratini x of diluz:ants (ilia- d-zpends on tem-
merely mislabeled the nomnival latice and the order pa- peratiura; h "magnetization~ vanishes, anid the system
rameter is x - 1. For the metastanle orde-red p- *ze undergoes a phase transition, from an -2wtiferromagnet-
(x <xv,=0. 3), we have 0 < i Mxi t< I-x. For the ic" zinc-blende state with M.ito an "nantzd
disordered tiamoiid phase (x > x,), we ha' r tM =0. ph.-se Oif =0). That is, as Ge dilute- GaAs. an averae

The theoretical probl-m posed by. tl-e Green. alloys is caion su is no longer fully surrounded hv. As ato- and
that of preu~cting the 6 .:.i-. structure of metastable. al- no lonuer feels electronically eoinne1el to be -ccupied by
iovs which -re describedc. .. :hie ordier pu.,jn,.,te.r Al'x). a Ga atomi rather than an As atom. The averaz -electric
Thius, we m-ir! first execute a noneuquilibritim phase- dipole moment If(x) of the orderzt! zinc-NHendt! p;-2- de-
transition I:,, of Jlfxi and then calrulazt. Ili,. changes creases anid the systemn undergo;-s a transition from in or-
of theI. e!ectroxc-, struzturc as the alloys -%with different dered zine-blcv.'Y pha%. -r v lich 3a atoms preferentially
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occupy nominal cation sites to -i disordered (O =0) dia- ized virtual-crystal approximation.9- The on-site matrix
mond phase in which there is no distinction be',.cen. elements are interpolated according to Eq. (3), as are Vd2,
anion and cation sites. Newman constructed a spin- eiicre V is the off-diagonal matrix eleirenis and d is the
Hamiltonian model of this order-disorder transition. The bond length of the alloy predicted by Vegard's law: s8

important physical parameter of this Hamiltonian is a d(x)=( I -xldtt.v +xdtv.
nearest-neighbor spin coupling (which is related to ener- We expect thesL (A t1iBV), -JIX alloys to satisfy ade-
gies of interaction of the pairs of atoms V-V, III-lII, and quately the Onodera-Toyozawa 1 criterion for an "amal-
III.VX The Hamiltonian, when treated in a mean-field gamated" electronic spectrum, since the variations in on-
approximation, yields the following equation for the order site diagonal matrix elements are small in comparison
parameter M(x;x,): with nearest-neighbor transfer matrix elements.2° There-

fore, we exp.ct them to have relatively well-defined band-
tanh[(M/( -Xe)] = [M/( l - x)] .(2) structures which can be described (in a first approxi:na-

where x, is the critical composition of the order-disorder tion) by a mein-field theory o,^ the virtual-crystal type.
transition. They cannot be treated with the ordinary virtual-crystal

approximation, however, because (in the disordered "dia-
C. Tight.binding Hamiltonian mcud" phase, in particular) they contain many antisite

atoms (e.g., a column-Ill atom-on a nominal anion site)-
The electronic structure calculations are based on an and the usual virtu.d-crystal approximation does not allow

empirical, ten-band, second-nearest-neighbor, tight- for antisite atoms. We circumvent this problem by using
binding theory, which employs an spas' basis at each site the generalized virtwi -crs~al approximation,9 %%hich has
of the zinc-blende lattice. The on-site and nearest- virtual anions and cations such-that the virtual cation is
neighbor matrix elements of this model have been ob- (sch-matically):
tained previously by Vogl et al.,, " who fit the known band
struct'-res of many IlI-V compounds and group-IV semi- -x +.M/2], -[ -,V)/2Dv+XX(

conducto-s. The Vogl matrH,, elements are augmented by Here, A"', Xtv, and B" reprsent the column-UT, .IV,
one or two second-neighbor parameters' 6 (see Table 1) in and .V atoms, and M1t(x;x,) is the order parameter (1) of
order to obtain a better fit to the band structures of these the order-disorder transition, obtained by solving Eq. (2).
semiconductors at the L point of the Brillouin zone. (The
Vogl model was designed to fit the conduction.band struc. 11. RESULTS
tures well near points r and X.) The on-site matrix ele-
ments for these miny semiconductors exhibit manifest The energies of the band edges (relati'.e to the valence-
chemical trends that depend only on ,he atomic energies band maxii, ,um, which is defined to be tie ze:o of energy)
of the atom on the site, to a good approximation. The are given in Fig. 1 for (GaSb),_..SnU, Corresponding
off-diagonal nearest-neighbor matrix elements are inverse- results for all possible (A ., £K_. ,X olloys are gi,,en in
ly proportional to the shuare of the bond length d, accord- Figs, 2-4. The r conduction-band minimum occurs at
ing to the rule of Harrison et al." For our purposes the k=t0,0,0) in the band structure. The ,dges labeled .,, and
important physical parameters of the tight-binding Ham- A refer io the ,.onduction minima near the tl,0,A and
iltonian are the on-site energies of the cnlumn-II, .IV, (, -., L) points, respectively (i.e., n.-ar points Xand Lwl?
and -V atoms, which we shall interpolate using a gt;neral. For k at the X point ,:f the Brillouin zone, the

conduction-band edge actually bifurcates as a fun':tion of
alloy composition at the critical composition x€, produc-

TABLE I. Second-neighbor parameters. Note here that ing I )th an X, and an X 3 minimum in the zinc-blende
e(pa,p,a')=apic,pc') and See Ref. 16 (ordered) phase for x ,x, but only one minimum for

for details. x >x, in the diamond (disordered) phase. This bifurca-
- tion is reflecteJ in the depe:ndence of the minima along

Semiconductor e(sap,a) 6lpa,pa') the A line as functions of composition x (see Fig. 4), be-

AlP 1.990 0.000 cause these minima lie at wave vectors near point X. The
AlAs 1.830 -0.876 relative minimum at point 1, when plotted as a function
AISh 0.101 0.000 of composition x, exhibits a kink at xc, as does the band

edge at the L point. The minimum in the A direction re-
GaP 0.641 0.000 flects the kinked behavior of the nearby L point.
GaAs 0.464 0.000 In addition to the dependences on alloy composition x,
GaSb 0.688 0.000 there are discernible trends depending on the positions of

the atoms in the Periodic Table. To facilitate quantifica-
hnP 0.368 0.000 tion of these trends, we define an effective averag,. atomic
InAs 0.187 0.000 number:
InSb 0.107 0000

( Z ) =xZ -"-( I -x(Z 1, +Zv)/2 , (4)
Si 0.000 0.146 where, for example, Zt11 is he atomic number of the
Ge 0.157 0.000 column-lIh atom. Figure 5 shows that the '. .. and A
Sn 0.000 0.056

____________________________- - band e. tend to do..ease Ini energ% .%ith increasing
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3.0 - . 8 A / - .1 A C /a u-0. 196

>r > r >r

A * .3
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0. 0 LL- - .0 A.1...

.0 A.5 1 . 0005 1.0 00-. 1.0

FIG.?2. Predicted band Saps of(A"'..8') 1 .,Siu alloys versus x, for the following Ill-V comnpoun~ds: AlP, AlAs, AlSb, GaP, GaAs,
GaSb, InP, bIAs, and Ib.Ltiemsacsdefined by Eq. (5), are shown. Kinks can be seen in the r, A. and a levels at the as.
sunf:d critical cmoionx, =0.3. The A minimum generalI% lies some distance from ihL Xpoint in our tigh'-bmnding model, so the
strictoifurcation at the X point is not clearly visible. The kinks near x = I are due to a crossing of the rl and IIlevels.

(z), with r dcreasing most rapidlyad])eresn ter~'tn small-band-,gap materiaL, rvddisetoi

least rapidly with (Z). This trend can be exploited for transport properties can be made suitable for device apph.-
example, to find njetastabl'I'e alloys with small fundamental cations.
band gaps for possible applications in infrared photogra. Przdicted baind gaps of the rietastable zinc-bkende-
phy, Whe smaller gaps are associated with large average diamond Greene alloys fabricated from -%I, Ga. In, P. As,
atomic numbers. Hence (GaSb)1-.Sn, with average Sb, S:.. an' Sn ark zhown in Fi~gs. 2-4. General
atomic numbers ranging- from 36.5 to 4SQ. should be an in- trends follow those of 0m, prototypical alloy
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(g) CIn P) I, Ge? - (h) In As),., Ge 2, (InSb) 1.3 Ge2.

3.0- Ao/o a -0.037 3.0-A/ -. 6 3.0- A/'-.4

-2.0 \r 3 32.0 A 3  .2.0

r r
0.0 .0 A

0.50.0 0.0
0.0 l 5a 0.0 0.5 1.0 00051.0

X X X

FIG. 3. Predicted band gaps of ..I "'Bv,,G eu alloy versus x, fui :.he following 1W.V compounds: AlP, AlAs, AlSb, GaP,
GaAs, GaSb, lnP, InAs, and InSb. Lattice mismatches, defined b) Eq. A) are shown. Kinks can be seen inl all levels. at the assumned
critical composition x,=0.3. For som~e alloys, notably (lnP)1...,GeU. fvr , <0.4 and (InAs)1...,Ge., for x <0.5, the A mini.num
occurs at the X' point in our tight-binding model and the strict bifurcation a: point X' is clearly visble.

(GaSb)1_.,.SnZ., shown in Fig. 1. All alloy band gaps ex- one with it- indirect gap.
hibit kinks at x, as a function of composition. There is The alloys with the smallebt lattice mismatchet,
always at least one kir.%: in the minimum conduction-band A/ 5edge at x =x,, due to the phase transition. This kink is A/-Qva 1 .)a~ 5
not associated with a crossing of the band edges, although are especially interesting. We focus pnmaiily on alloys
these types of effects can also be seen at other composi. with Sala <0.07. Values of txa a are given in each ig.
tions. For example, in (InP)i..,Ge2. (Ref. 22) at ure.
x =0. 85, the conduction band at r crosses with A and Since the details of the band gaps for these alloys de-
the alloy goes from being a direct-cap semiconductor to pe.nd on the cansiti..ns, %%e summarize del ails below fig-
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xx x0. .

FIG. 4. Predicted band gaps 4, (A'',.,n 2 aloys versus x. for the following Ill-V compounds: AIP, AlAs, AISb. Gap,
GaAs, GaSb, InP, InAs, and InSb. Lattice mismatches, defined by Eq. (5), are s.hown. Kinks can te seeun n all Ic' els, at the critical
composition x, =0.3. For some alloys, notably (lnP),.Snz. for x <0.6 and (lnAs),,SnU. for x <0 5, the !, minium occurs at the
X point in our tight-binding model and the strict bifurcation at point X i.. clearly visible.

ure by figure. Figure 2 displays predicted band edges for kink, nt the critical composition x =', because the fun-
zinc-bendc materials combined in metastable alloys with dannenital cap, like that of Si, is along the 4%, line for all x,
Si. Th-,ce w;-Ii the smallest lattice mismatches arc anC does not cross r or A [the excptionl being
(A1P),_,Siz (.al/a = -0.004), (AlAs)t..xSi , (-0.043). (GaAs)t..xSi~x for which we ind crossings from, r to A
(GaP)t~xSi2. (_0.0D41. and (GaAs),_,Si,, (-0.043).2' to A as a function of increasing composition). The kink
Thus, of this class of lvell-lattic'--rjatched alloys, one is in r for xz 0.8 is due to mixing of this Ievel23 .±nd a [1
restricted to materials with (Z) :5 -3. The fundamental level not displaycd (Si has r:r.In :.ovira.: to the
band paps of these alloys vary from 1.17 cV for Si to 2.5 small-lattica-mismatched materials. the heavi!% strained
eV for ordinary Alp. 23 These Sa-b tend to have only one! alloys (see the last row of Fig. 2), all show miultiple band-
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4 edge cro, ngs-fromi r to-A to A asa'function ofincreas-
(a)' ing comp,,itionx.

Figure 3 gives band edges forzinc-blende materials in
S3 - metastable ,vixtures with Ge. Those wi:h .he smalltst lat-

tice misma:ches are (AIP),-_Gezx tAa/a =:'037),
- (AlAs)_,Ge,. (0.0), (Ga0)j._,Ge2, ").037),

(GaAs)i_xGe2 (0.0), -nd (InP)axGe,_ (-0.037). lIn this
2 class of alloys we are restricted to well-lattice-matchedC materials with (Z) <32. The band gaps ,.r these alloys

W vary from 0.1 eV for (InP).._Ge,, at x =u.3 to 2.5 for

ordinary AlP. The band gaps of these alloys have cross-
ings from A to r to A for (AlP)1 _,Gejx and
tAIAs)_Ge!, and from P to A for the others. Of the
remaining alloys with larger mismatches, some, such a-

0(InAs) 1 .. Gex and (InSb).,Ge, , have zero gap for
0 I 30 4.5 60 some compositions x but, because the mismatch is larger,

< Z > they may be difficult to grow.
Figure 4 presents our predictions for metastable alloys

resulting from mixing zinc-blende mattrials with Sn.
4 Those with the smallest lattice mismatches are

(b) (AISb)_,Sn, (Aa/a =0.053), (InAs) xSn, x (0.068),
(GaSb)j_,,Sn, (0.060), and (InSb);._..Snz, (0.0). In this

3-. class of alloys, lattice matching restricts us to materials
> -with 32. (Z _50. These are especially interesting ma-

terials because Sn has a zero band gap. The band gaps are
>, predicted to be zero for the metastable alloys

2 !(InAs)t_xSnj, and (InSb)j_,Sn2, for all compositions
(despite the fact that the equilibrium cor-rounds InAs

tWu and InSb have nonzero gap, 24). All of the Sn-based meta-
stable alloys (with small lattice mismatches) mentior-d
above are either direct-gap or zero.gap materials.
(GaSb)i_..Sn is particularly interesting, because the
predicted gap varies from 0.15 eV to zero over a large

0 10 range in composition, from 0.3 to 1.0. Hence, the gap is
0 15 30 45 60 small and may not be too sensitive to fluctuations in local

< Z > environment. This, along with (InP)i-Ge,, may be an
especially good candidate for an infrared detector." The
remaining alloys, while cover.2.g a large range in gap size,

4.0 from 2.5 eV for ordinary Al? to zero for Sn, all have
large lattice mismatches, Aa/a > 0.096, and good-quality,(c) long-lived, metastable samples of these materials may be

difficult to grow.3.0-

IV. CONCLUSIONS
0' 2.0

We have presented predictions of the energy band gaps
tt versus alloy composition x for the Greene alloys: meta-

stable, crystalline, substitutional alloys of 111-V com-
1.0 pounds and group-IV elemental materials. The band gaps

at points r and L exhibit kinks and the X points bifurca:e
as functions of composition x, at a critical value x, corre-

0.0 I 60 vponding to the order-disorder tranition of Newman
0 15 30 45 60 et al. The V-shaped bowing offers the possibility of band

< Z > gaps significantly smaller than expected on the basis ofthe conventional virtual-crystal approximation. Alloys
FIG. 5. Trends of the (a) 1, (b) A, and tc) . band edges with modest lattice mismatches that are predicted to haVe

versus average atomic number (Z). The relevant energies for small band ,aps include (InP)t_.Geu, (AISb)t_,Snu,
the (A1",B'- 1,X alloys in question lie within the boxes of the (GaSb)Ji.Snz,, and (InAs)1 _.,SnU. Larger band-gap al-
figures litnce those at r and A, in particular, tend to decrease lo%s %%ith several putentially interesting level .'os*,ings in
with ;nre.,ng (Z). the band gap include IAlAs) _Ge, and (GaAs) .. Siz.
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THEORY OF SCHOTTKY BARRIERS FOR'III-V AND GROU -IV SEMICONDUCTORS

Otto F. Sankey

Department of Physics,- Arizona Stite Ofiversity

Tempe, Arizona--85287

and

R61andE. Allen

Department of Pfysics, Texas A&M University

College Station, Texas 77843

and

John'D. Dow
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A theory .of Schnttky barriers for IlI-V and Group-IV semiconductors must

explain numerous experimental oservations,, two of which are-the following:' (I)

The barrier, height JB-u ¢s-EFb often attains nearly its final value with the

deposit'in of only a fractton of a monolayer ot metal on the semiconductor

surface (1,21. (Here Ecu and E b are respectively the energies of the conduction

band edge at: the surface and the Fermi level In the bulk.) This finding implies

that the mechanism responsible- for Schottky barrier- formation requires only

submonolayir coveragi t rather thaii a complete semiconductor/metal interface. It

thus appear2 to rule out menal-induced gap states (3-61 as the. dominant mechanism

for most systems. (2) In many cases, more than one value of 'he Schottky barrier

height is observed -for a sigle seriiaonductor. In InP, for example, there is a

'iswitchipg" of barrier heights -hom about 0.5 eV to nearly zero as the reactivity

of the metal treatment of the -surface is varied [7]. A theory that yields only a

single barrier height for all metals and all surface treatments is.thus unable to

explain these Schottky barriers.

Here we describe a theory of Schottky barriers for III-V and Orou -IV

semiconductors that is in agreement vith the above observations and Many other

features of the experliental measurements 11,2,7-14). The theory is based on

Fermi-levey pinning (15) by levels associated with defects at the

semiconductcr/metal interface (1,8-11). We believe that this theory is

applicable to most observed barriers, but recognize, of course, that other

mechanisms can be Itportant in some cases. For example, the original Schottky

mechanism oi chargt transfer between a metal and a semiconductor without defect

states in the. fundamente; band gap appears to dominate for nonreactive metals on

CaSe [8).

For TII-V ssticonductors, the states responsible for pinning the Fermi-level

are aisociated with native defects, either antisite defects [16"181 or vacancies

[17-191 at the semiconductor surface. For Group-IV semiconductors, th6 pinning
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defects are interficiAL dangling bonds [20,'ill - e~g,., Si danglin~g bonds

.11sheltered" fromn'thi metal, by interfacial vac-ancies.

In Fig. '1,, results are shown, for the (110),-surface of Zn? (17). 'Xbur

calculati6ns employ methods introd6iced by Vogi et al. [22) and Hjalmars~n et -al.

j3,together with 6e, analytic Green's function technique 124) ,-using the

surface relaxation chairicteristic of III-V semiconductors 125,26). It can bt

shown (20) that a defect at a free surface has virtually the same deep energy

levels as a sheltered defect at a semiconduct~or/meta1 contact.) At the surface,

both antisite defects -- Znp and PZn -- are predicted t6c produce deep acceptor

levels at about 0.5 eV balow the conduction band edge. Tht: experimental

Fermi-level pOinning position for noiv-reactive metals on n-type Zn? [7,14]-, also

shown in Fig. 1, can. be explained by either of these levels. Zn addition, a

surface phoip.horous ,vacancy Vp is pridicte~d to yield a shallow donor level, which

appears to explain the other Ferml-level pinning position just beneath the

conduction band edge observed for reactive metals on n-In? (7) and for treatments

of the surface with 0 or CL (8). A shallow level is also predicted for the

surface impurities Sp and Sr.In, and this may explain the experimental results for

S and Sn treatments of the InP surface [8]. Although not shown in Fig. 1, the

predictionr.,for-p-Zn? are also In agreement wi-th experiment (1

ECVP Sp, SnIn
Ni Fe Al 0,CI, S, Sn

treamentIn p

t Cu AgAu

reactive non-reactive

E .2 .1 0 1 2

Heat of reaction

(a) experiment (b)theory
Pinning levels for n-InP

Fig. 1. Theoretical1 and experimental Fermi-level pinning positions for the (110)

surface of Zn? (after Ref. 17).
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In Fig. 2, we show the Schotiky

s L Cbarrier heights predicted by the present

Z .theory (in the virtual crystal

. / approximation) for several UtI-V

Th.w semiconductors and their alloys. These
os- (Go,) results are for n-type semiconductors, with

0.0 the lefect responsible for Fermi-level

- -. pinning taken to be the cation-on-anion

At G". G Imp site surface antisite defect -- e.g., Ga on

Fig. 2. Theoretical and experimental the As site (161. The predictions are

Schottky barrier heights for varLouq compared with measured barrier heights for

I11-V semiconductors and their Au contacts (101. The agreement between

:t'loys. The results for Gal..,LixAs theory and experiment is fortuitously good,

and tnl-.xaxAS ae also given in in view of the several tenths of an eV

16, -- theory uncertainty in the theory. It can be seen,

-Pt:o p ,  however, thdc the trends with alloy

composition are very well described by the

theory.

In Fig. 3, results are shown for both

EC crystalline Si (c-Si) and hydrogenated

amorphous Si (a-Si:H). The theory for

c-Si, which is described elsewhere (201,

provides a quite satisfactory description

Ev "of numerous experimental observations.

Extensions of the theory to Ge,

Gel.xSix alloys, and diamond were also

found to be in good agreement with

experimental data (211. Here we present

C-51 a-SiH, o-S&:H. new results for a-Si:H. Details of the

Tight-binding scp theory will be presented in a longer

Fig. 3. Calculated Fermi-level article, but the essential idea was to

pinning positions for c-Si and extend the c-Si prediction for the Si

a-Si:H. The experimental positions dangling-bond energy to a-Si:H by employing

are inferred from the measurements of the tight-binding theory of

(291 tn conjunction with the band gap Papaconstantopoulous and Economou (27,281

of a-Si:H of 1.8 eV and a theoretical for this material. For example, we treated

value of E. obtained from [281 for hydrogenated amorphous S! as a virtual

a-Si:H with a band gsp 0.7 eV larger zincblende ternary alloys, Si(Sil.xH4x),

than that of c-Si (scp) or a deducing tight-binding parameters for Si

virtual-zincblende approximation to and Sil.xH4,c from the parameters of Ref.

the theory in (271 (tight-binding). (271. These parameters were then used to

Data for Pt and Pd contacts are from compute the band edges of a-Si:H relative

(291. to those of c-Si and the deep level of a Si
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bond in a-Si:H surrounded by a local environment similar to that of an interface

with NiSi 2 . Our -results are given in Fig. 3, .nd agree with the data.

In conclusion, the present theory provides a satisfactory description of

Schottky barriers for a number of III-V semiconductors and their alloys (both n-

and p-type), and for Si, Ce, Gel_xSix alloys, diamond and a-Si:H.
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The-following facts, and many others. concerningill-V (e.g.. GaAs. InP)Schottky barriers
can be understood in terms of Fermi.level pinning by interfacial antisite defects (sheltered by
vacancies) at semiconductorlmetal contacts: (i) the barrier hvghts are almost independent of
the meta. in the contact: (ii) the surface Fermi levels can be pinned at sub.monolayer coverages
and the pinning energies are almost unaffected by changes of stoichiometry or crystal structurc:
(iii) the Schottky barrier height for n.lnP with Cu. Ag. or Au is -0.5 eV. but changes vi
as0. eV when reactive metal contacts (Fe. Ni. or Al) are employed because the antisite defects
are dominated by P vacancies: atid (iv) the dependence on alloy composition for alloys of AIA .
GaAs. GaP. InAs. and GaAs is cxtremely complex - owing to the dependence of tiC hinding
energy for the ction-on.anion.site deep level on alloy composition. Fermi.lovel pinning by Si
dangling bonds at Si/transition-metal'sIlicide interfaces acerunts for the following facts: (i) the
barrier heights are independent of the transition .metal. to within ,0.3eV: (ii) onl Ct 0.1 e\'
scale there are chemical trends in barrier heights for n.Si. with the heights decreasing in the
order Pt. Pd, and Ni; (iii) barriers for-n at low metallic coverage. (iv) barrier heights are
independent of silicide crystal structure or stoichiomctry to =01 e\': and (v) the barrier hci htS
for n.Si and p.Si add up to approximately the energy of the band gap.

1. Introduction

When a metal is deposited on a semiconductor surface. a potential barrier
to electron motion is formed. which prevents the flow of electrons between
the metal and the semiconductor. The physics governing the formation of
this Schottky barrier is controversial een today. Here we present iheoreti-

0378-5963185/MS3.30 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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cal calculations, which support ihe ,nqtioi that, Schottkv b-arricrs are con'-
monly (but not exclusively II]) formcd as a result of **Ferii-.Ivcl Oinnin
by deep trap states associated with defects at the semiconductor
surfac e.

The basic idea of Fermi-level .pinning was drnunciated by B:, den 112Jin
1947. and is most easily deseibed for ihe limit of a degenerate, n-type
seinicundi etor-in contact with a iiwtal. Thle Fermi enereic.% of the semin:on-
ductor. the semiconductor s.urface. and the mietal must alien in electronic
equilibrium. At zcro temperature. the Fermi level of tile seniconductur lies
almost at the conduction ban~d edge (more precisely. a: the donor level). and
lines up with the Fermi level of the, mietal. The Fermi energy -of the
semiconductor's surface. however. can lie deep in the fund;t ziental band gap
if there are deep impurity levels in the gap. in th'is case of suflicierit
concentration of deep I.vels in tile g:q. the deep levcls letcrminc and
"Pin" the Fermi ener-Y' of the surface. which does no! alion with the bul%
semiconductor's Fermi eniergy if the valence band maxima of the bulk and
the surface are assumed to be at the same-energy. Hence, the semiconductor
and its surface are not in electronic equilibrium whcn the valence -band
maxima align. As a result. carrier:, mnusi diffuse in order to bring tI.',surfuce
into electronic equilibrium with the bulk semiconductor and the metal: a
surface dipole must build up. and the bands must bend near the surfaice to
align the Fermi energies of the bulk and the surface. This results in a
Schottky barrier (see fig. 11. Bardeen. in his Fermi-level pinning p'aper. left
open the possibility thint t!.c deep' levels responsible for the pinning might be
either intrinsic (e.g.. suriace states) or ex~trinsic. Spicer and co-workers [31
have champnioned the ide.. that nad-i-e defe&~ produced during thle formation
of the semniconductor/mc'al:i contact ipin the Fermi encruy.

In this Fermi-Irvel pinning model. one can estimate the Schottky barrier
height for an n-type semico*nductor by first determining the defect respon-
sible for the pinnin- and then calculating, the difference= in energy, between

Condu:tion an Barr ier -:eight

Votenme Band

Serniconduct~or Sut-lo:e M'etaol
n-LyPe

,.uff:IcL defect deep le~vl (denioted by an o~pen circIh' with a barithrough it)
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the,-neutral defect's, lowest unfilled dcep level in the gap and the conduction-
bad dc. (For p-type material. the highest fild-16val in the gap pins the

Fermi level.) Hance the problem of calculating the Schottky barrier height is
-reduced to the equivalent problem of computing the binding -energy of a
deep level. (See fig. 1.)

2. Deep levels in the bulk-

To understandl-t physics of- deep levels at mietal/semniconductor con-
tracts, one must first comprehend the basic physics of-deep impurities in the
bulk of a semiconductor. An impurity level; by-current definition [4), is
"deep" if that level orivinates from the central-cell -defect potential of- the

imuit as-opposed to uriginiating from thfe Iong-fatged-Cou ombic tailo
the defect potential, as for "shallow" lecvels).*1:n covalently bonded semi-
conductors, sp~'bonded substitutional defects have typically four deep levels
-near-,hi- undamental- band -apand an infinite number of shallow levels.
The infiMite- number of sl.:,ilow levels is -associated with the fact that the
Coul6iib potential has an infinite number ot bound. iateis, and the four deep
levels art due to there _bcing~one s-like -and- three p-like orbitals- f~ an
sp -bonded defect. In the biulk -of a tetthhedral semiconductor, the three
p-states-are degenerate, forr.;ing Pr 7-.symrr .:46-deep level.and-the s-state
gives rise-to in A, level-

The-fourdeep levels-"ved not-all lie wilthin the fundamental -band cap.
however, -In fact, -it Js rare that ill1 four do. Indeed.-a "shallow-impurity" is
one for %t hich -all of its deep levelslie owside -te fundamental band gap (fig.
2). -A "de. p impurity"'is an imp rity-that produces di-least on-e deep Invel in
the band oap. The issue of whether a-decp lev Vlies within the gap or not is
a quantita, ' one: i, the host bands are broad enoi nd the fundamental
bandgsp is narro,. enough, ,hen tie-band§ are likel- 1 cover up all of the
deep levels, making them resonatuwith the host bands, Hence. narrow-cap
semiconductors tend to have relative~ly fewer "deep impurity' centers (with
levels in the gap) than large band-e tp materials.

The basic physics of deep le':els i llustrated schemaitically in lit-, 3for the
case of an N impurit% rue.Iacing P in the bulk of GaP. For simplicity we
consider only the A, or -like deeup siw~c of the defec:. Firs: -consider atomfic
Ga and P. which, wvhen combined into a molecule, form- bondin- and
antibonding, levels. The botiding-antibonding splitting is of order CE~
ed). where L' is the nea rest -ne i'.hbor transfer miatrix element and e,,- c.. i,;
the energy denominator resultin- from perturbation about :he 't.te
tight-binding limit 15.6]. The bonding and uaitibondinsg states o'f the nme-
cule are the parents of the conduction and the valence band.,- of the "olid.
respectively. If now one P atom is replaced by an N impurity atoin. the N
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A, -2

-A,

Shallow Deep

Fig, 2. Schematic illustratiov of thc dilk-encc between I".-hallow" and "'deep" sp~bondcd
substitutional (donor) impurities. after ref. 1211. The shallow energy levels it the Noid gap are
dashed. The deep level% of A, (s.Iike) iind T.- (p-Iilke) symmetry arc denoted by heav'y lines. In
the case of a "shullow impurity" the deep level.% are resonances and lie outside the fun~amental
band gap: for a "deep impuirity" it least onc deep levecl lies within the gap. The lowest level is
occupied by an extra electron (dark circles) if the impurity has a valence one greater than the host
atom it replaces (e~g.. S or 0 on u P site in Gap).

will try to hybridize with its neighbors. However. the atomic energy of the N
is - 7 eV lower than ihe corresponding energy of the P atom it replaces (i.e.,
the defect potential in the central-cell is V- - 7 eV). As a result. the energy
denominator is -7 eV larger )~r N than for P. and (since v is almost the
same for P and N (7]). the hbuding-antibonding splitting is smaller -and the
deep level lies within the band gap. For a slightly less negathc value of V
(i.e.. a slightly more electropositive defect than N. such as S). however, the
deep lev:el is resonant with the conduction band -so that at most "shallow"
states bound by the long-ranged Coulombic. -Ze' /er. part of the defect
potential (neglected here) would lie in the gap. (Here Z is the impttrity-host
valence difference and is ze.ro and unity for N and S. respectively. -,,placing
a P atom in GaP.)

----:: Votence V"'7eV

Atom' Mdoecute Solid Defect 'moli.cute
LP-1052

Fig. 3. Schematic illustration of the qualitative physics of deep levels. a% dicus%e'J in ref. 141.
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.11.Deep'6CS lees urface-defects

Thc same baisiv phvsiqs-h0Idsq for a.-defectt -a surface. thi reduction of
;the: tetrahedral svmeirvs by !fliersurfacc 6ug the Aj bulk leyvelsio shift
and the Tde.lvl-oslrnotreorbitallv o-eeea~ 6& o-a ~ ~ le~els~o s ~littin ohre noe nT eecae vsdfc a free-surface the :slitn fth1' -leve[,re of order vcV.
Thereore, the free-sulacc. defect-, levels- lie- at substantially, diI7efit eitcrgies
fr(nt. the bulk- defect levels.

A central. question is -whether the pinning deccs for Schottky bafrier
formation ate- at the setniconductor'.s stirtace or in the.semiconductor's bulk.
There is noA ' efinitive- experimental answer to~thisquestion at the-,present,
but, we-,believe that the defects-arc t or yein' nearthe ,cmiconductor,11etal
'interf ace- in~e,:vironments-ihat are quire sindlar to the ciwironnmcnt of a defect
at a frc surfacc. By this -we meian the pinnihg defects are -each-ad jicent to a
vacancy or a void (or n- highly elect rboo'sitive atoom) that "shelters'* it
elect r~n icallv from -ts more distant -neighbors: a-defect-vacancv pair ill the
semiconductor's bulk has essentially the same energy levels as a defect at a
surface (8] - because deep-level- wavefunctions are rather localized to the
shell of first-neighbors of the defect. and the main difference between a
defect-vacancy pair arnd the same defect at a surface is that. at the surface
(which can be thoug~ht of as a sheet of vacancies). some second- and
more-distant neighbors-are vacancies -rather- than atoms. (Second- neighbor
effects on a deep level are rarely major.)

Our reasons for adopting this viewpoint that the pinining defects are near
the semniconductor/metal interface and "sheltered" in free-surface-like
environments are: (i) Fermi-lovel pinning can occur at sub-monolayer
metallic coveraes. a fact that is difficult to explain unless the relevant
defects are at or near the interface; (Hi) the simple bulk point defects. %-uch as
"acaucics and antisites, unquestionably give qimlitatively as wvell as quan-
titatively incorrect predictions for the observed behavior of Fermi-level
pinning, and Schottky barrier heights (e.g.. the bulk antisite Asr0,-As on al
Ga site-in GaAs cannot explain the Fermi-level pinning for n-GaAs
because it produces ontd; an occupied deep donor level in the gap. whereas
an unoccupied acceptor U. required to achiev'e Fermi-level pinning in the gap
for n-type material - i.e.. the next available level for an electron is the deep
level, rather than the conduction band eie). In contrast. As.,, at the surface
produces nvo deep levels in the gap: a deep donor and a deep acceptor: (iii)
without the concept of sheltering, the defect theory would be in conflict with
the experimenual fact that. for GaAs and some other semiconditetors. the
depositioii of different (non-reactive) metals in a s(emiconductor/metal con-
tact most often leads to the same SehottkY hurrier, height (if the defect were
in direct contact with the nletal. its eneroy levels would be sienitlcantlv
altered by changing the metal). Therefore, the pinning defect must be
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adjacent either to a vacancy or to a very electropositive atom (recall that
electronicv"v a vacancy is an infinitely electrpositivc -atom" [9]).

Spicer and co-workers [3]. Wieder et al. [10]. MNnch et al. [Ifl. and
Williams et al. [12] have presented numerous data which indicate that the
surfaces of III-V semiconductors have Fermi levels determined-or "pinned"
by the deep impurity states of naive dcfects. The exact nchanisms by
which these defects are created are not presently understood. but it is
believed that they are normally generated during the formation of the
surface (e.g.. by cleavage) or durin- the deposition of a metal contact.
Indeed, the precise nature of-the native defects is not presently known, and
one purpose of this work is to provide L-theoretical framework for identify-
ing the "pinning defects". We shall enumerate the possible native defects.
argue that the pinning levels of many complex defects are virtually identical
to the pinning levels of a fevw simple ones, show that some simple defects can
explain the observed chemical trends in Schottky barrier data for III-V
semiconductors while others cannot, and pr)pose a relatively simple and
specific picture of the pinning defects.

The possible native defects vte anion and cation vacaries. both types of
antisite defec:s. anion and cation interstitials. and combinations of these. J:
can be shown. however, that the combination defects normilly have spectra
similar to the sum of their constituents' spectra [8] -and so we consider only
the isolated defects, We also eliminate i'nterstitials from consideration.
because (i, interstitials are known to be very sensitive to the local environ-
ment [13] (whereas Fermi-level pining defects are ant. and (ii) in the bulk,
the Group-1J1 and Group.\l atoms have been observed either on their own
sites or on the anti,,itu. hut (to our kn:,wledge) not at interstitial positinns.
Defects associated w;h the metal atoms originating from the metal of the
contact are not considered because (i) for sot'e semiconductors at least, the
Schottkv barrier heights are relatively independent of the netal, and (ii) for
most of the s'micorductors of interest, the metal atoms themselves do not
produce thn required deep levels in the fundamental band gap.

Thus we are lef, with an apparently simple problem: compute the deep
levels of the vacancies and the antisite defe'.,, and dctermne if these levels
explain the observations. in ma:.ing these calculations. however. we must
recognize that this or any ti'eory has uncertainties of order -11.5 cV (part of
which is due to the neglect of latice rel.:xation around i i defect). There-
fore. we do not simply compare the theory with daa. ut instead we (i)
eliminate as many as possible of the Fermi-level pinning assignmeI,
because the theory :,nd the data d&.,orec b% > 0.5 eV. and (ii) make our final
assignments or the basis of the observed "hemical trend. in the Fermi-level
pinning position, from one semiconductor to another.

The calculations crop;o:" an empix,,cal tight-hinding -lamihonian [6] .or
the host semiconductor. Since the parameters of this Ha:miltonian exhioit
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chemical trends. the defect potential's matrix element-, can be estimatcd from
the trends [4]. In the localizedi-orbital sp's" tight-binding basis. the defect
potential V is diagonal (provided we assume that the latice does not relax
around tie defect) with elements prop~rtional to the differences between
the atomic energie, of the defect and the host atom it replaces. The deep
levels of the defect are obtained by solving the secular equation

detfl - (E - H,,)" V]= 0

where H., h, the host Hamiltonian and E is the deep level' For the
calculations reported here. H, describes a relaxed (110) III-V surface with
the 270 rigid rotation of the anions out of the surface plane. and V is a
matrix simulating the central-cell potential of a deflect at the surface.
However. a far simpler model involving defect-vacancy pairs in the bulk or
at an interface would give similar resulhs [14]: in the simpler case H, would
represent the shelterihg vacancy and the cluster of atorns at the defect site
(before the defect is introduced) and at surrounding first- and possibly
more-distant-neighbor sites. The details of solving the secular equation
either for a defect at the free surface (15] or for a simplified cluster model
(141 have been described elsewhere.

4. Results for -III-V-semiconductors

The results of our calculations of the Schottky barrier heights (i.e.. the
binding energies of the lowest incompletely occupied one-electron level of
the neutral impurity with respect to the conduction band edge) are given in
fig. 4. where we have assumed that the defect responsible for Fermi-level
pinning is the cation-on-anion-site antisite defect at the surface. The
agreement between theory and data is strikingly excellent. and strongly
supports the hypothesis that this antisite defect is respUnsible for the
observed Schottky barrier formation. (The two vacancies and the other
antisite defect fail to reproduce all the -,bserved trends.)

This success does not mean that all Schottkv barrier formation in III-V
semiconductors is attributable to Fermi-level pinning by cation-on-anion-site
defects. Although an atnickite defect can be formed with less free energy th::r
a vacancy [16]. we believe Fermi-level pinning by vacancies has been
observed for InP contacts with reactive metals [17). Indeed. the apparent
dependence of Schottky barrier height on chemical reactivity [12.17.18) can
be explained in terms of chemical reactions changing the dominant defect
from an antisite to "a vacancy. 'rhe reactive metals combine with I) maki;..
stable compounds. leave 1 vacancies (V,.). In lnP these vacancies are
predicted to yield shallow donor levels in the fundamental gap near the
conduction band edge: these levels pin the Fermi energy and yield a small
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Fig. 4. E.spcrimental (dashed) and theoretical (solid) dependence of the SchottLky harrier
heights of 111-V semiconductor alloys with Au contacts versus alloy composition. after ref. [22).
The theory assumes Fermi-level pinning by a surface cation-on-anion-site defect.

(0.1 eV) Schottky barrier height. Thus. when reactive metals (,-iz.. Fe. Ni.
or Al) are deposited on InP. the dominant Fermi-level pinning defeCts
appear to be P vacancies: but when non-reactive metals are deposited (viz..
Cu, Ag. or Au), the antisite defect levels appear to dominate. and the
barrier height is approximately 0.5 eV'. Thus the theory. supplemented by
the hypothesis that the reactive ni~tls produce P vacancies, can account for
the In? data,

The ability of the theory to provide a natural explanation of the de:nen-
dence of Schottky barrier height on chemical reactivity is especially I'M-
portant. because it offers a resolution of a major controversy be'w..,0't the
viewpoints (i) that SChlotthy barrier formation is due to Fermi-level pinning
by defects (championed by Spicer and co-wo~rkers [3]), and (ii) that Schottky\
bairfiez formation depen~ds critically on chemical reactivity (advocated by-
Brillson and associates [18]). Our own viewpoint is that both sides of th%:
controversy are essentialiv correct, and that different chemical reactions
produce different domninur defects and Fermi-level pinning positions.

Pr~nl.it is not known if reactive metals do indeed produce a sufficient
number of interfacial P vacancies in InP. Indoed, studies of P diff usion indicate
that the- diff usion rate is greater for non-reactive metals and that P concentrates
at the renc6ve-metal/InP interf;h. [191!

There are many other experimental facts concerning 1I-\' semiconduc-
tors. me:t of them of a detailed r..zture. that the Fermi-level pinn:- thcory
can exp!iin. But ra.-her than fo.:us oa those dz,ails in our limited space. we
instead turn our attenion to Si (which. being homopolar. has no antisite
defects) and the question of w'hether Si's {.-hottky barriers are sirni~:r to
those of the III-Y S.
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5. Si/transition-metalsilicide Schottky barriers

The best-studied Si Schottky barriers are those with, transition-metal
silicides. The silicides themselves are metals crcated by the reaction of the
transition-metals with the Si. For these systems we believe the pinning
defects are Si dangling bonds.

The local defect we think is responsible for the Fermi-level pinning is
similar to a bulk-Si vacancy whose four nearest-neighbor atoms (instead of
all being Si) are three transition-metal atoms and one Si atoms (the one
whose bond dangles into the sheltering vacancy due to a missing Si bridge
atom at the Si/transition-mtal silicide interface) (20]. If the transition-metal
atoms were instead Si atoms. locally this defect would be a bulk-Si
vacancy-with an Al symmetric deep level resonant with the valence band
and a T level in the Si band gap. Hence, todetermine the physics of the
Fermi-level pinning at the Si/transition-metal silicide interface, we need only
understand how the bulk-Si vacancy's deep levels change as three of the
vacancy's neighbors change from Si into transition-metal atoms. The change
of the three neighbors from Si into transition-metal atoms can be simulated
by increasing'the sp" hybrid energies of the atoms on the transition-metal
sites (for the hybrids oriented toward the vacancy) from Ch (for Si) to e + \
(for transition-metal atoms), with V of order-5 eV. That is. relative to Si. the
transition-metal atoms are very electropositive (electronically like vacan-
cies). The large positive repulsive potential V on the transition-metal sites
merely pushes the Si dangling bond away from the silicide and into the Si.
In the process. it drives the energy of the T, deep level for the bulk-Si vacancy
out of the fundamental band gap and into the conduction band. and brings
the A, level up into the gap. (For V +. the A-derived level approaches
the hybrid energy 6 asymptotically from below.) This level, for the neutral
defect, is singly oeclpied by one electron, and therefore can pin the Fermi
enerav of either n-Si or p-Si. Hence the barrier heights for n- and p-type
material add up to the band gap. Since changes of V of order I e%1 have
little effect on a pinning level that asymptotically approaches e. . the theory
explains why different transition-metals have the same barrier heights to
within -=0.3 e%/. while the differences in barrier heights on the t. I eV scale
reflect the chemical trends in V (which is propoional to the difference
between the atomic encrav f a tr.nsition-metal and that of Si) giving
decreasing barrier heigim, for Pt. Pd. and Ni silicides. Moreover. since the
pinning defec is localized and has properties that depend primarily on the
electropositivity of the trans:ion-mctal atoms. one can understand why
barriers form It low mctal: c'nverag!ew and have heihtsthat are insensitive
to stoichiometrv or the silicide .:i'vstal %:ructurc. Thus Fermi-level pinning by
dangling bonds can account for the main experimental facts concerning
Schottkv barrier heights at Sirtnsim ion-metal silicide interfaces.
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6. Discussion

Wc have touched on a small subset of the manyv and %-,ried experimental
facts that can be explained by tho Fermi-level pinning model of Schottky
barrier formation. this model has been miccessfully 'applied to Schotlkv'
barriers involving Si. Si12,Ge,. and diamond (with Fermi-level pinning by"
dangling bondv as wvell as to 1)1-V semiconductors (in which utitisite dMimcs
aid dangling bonds pin the Fermi level). It appears to he applicable to MWy
covalent semiconductor which responds to contact formation b% spon-
taneously producing a sufficient number of native defects.
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We have used a varicily of novcl approaches in characterizing nil-semnicondu-nor
interfaces-soft X-ray photoemission spectroscopy with interlayers or markers. surface photo.
voltage spectroscopy. and cathadolumineicencc speciro~copy, coupled with pulsed hoe-r
anneiiling-to reveal systematic,; between interface chemical and electroni: structure. The
chemical hasis for these interfacial properties suggests new avcnues for controlling clecirc-nic
struciture on &.-microscopic scal.

1. Introdiiction

With the application of surface science techniques to the study of metal-
sen..conductor interfaces, considerable progress has been achieved in
understanding the interactions which takC plaCL at the mictoscopic junction
and their influence on macroscopic electronic properties 11-6). In particular.
it is now generally accepted that the extrinsic electronic states of a metal-
semiconductor interface- eog.. those due to some interaction bctween metal
and semiconductor- rather than any intrinsic states present at the semi-
conductor surface -dominate the Schtottky barrier formation. Considerable
evidence for these conclusions has been dcrivc from contav: potential 17.8).
surface photovoltagc. low energy electron loss [9.101]. UV'(21] and soft
X-ray photoemission spectroscopies [1 4-2 1 J. With these techniques. research
aroups around the world have found strong chargec transfer atnd atomic
redistribution occureing with the deposition of only a few monolaycrs or less
of deposited mectal on chcan. ordered semiconductor surfaces. Thtus related
phenoinentt such as chemical reactions. diffusion. formation of defects.
dipokl.s. and alloy' Iziyer at the tnc..:--.-mica~ndt.-.or interface at. observed
which can accoutnt for Schottky harrier formation on an atomic scale. Within
the last few ve:'rs. this hody of work has been extended -t) reveal further

I 1ni work reporicd here was carried out in -.0ahoranion %% ith CAF !3rt-cler. A. IKainani. ..
Kelly. 0. Marv:ritondo. H. Richter. Y. Shaipira. M. Slade. and N.C. Stolled.

03 78-5963& 51S0..3() @ Elsevier Sciece Publishers B. \'.
(North-Holland Physics Publishing~ Divisio n)



,PHYSICAL REVIEW B VOLUME 32, NUMBER 8 15 OCTOBER 1985

Densities of phonon states for (GaSb) -x (Ge)x

Akiko Kobayashi*
Department of Physics and Materials Research Laboratory University of Illinois at Urbana-Champaign,

1110 West Green Street, Urb.aw, Illinois 61801
and Department of Physics, University of Notre Dame, Aotre Dame, Indiana 46556

Kathie E. Newman and John D. Dow
Department of Physics, University of Notre Dame, Notre Dame, Indiana 465S6

(Received ii March 1985)

A theory of the phonon spectral densities of states is reported for the long-lived, metastable, crys-
talline alloys (GaSb)1_.,(Ge.,),, assuming both a zinc-blende-diamond phase.transition model of the
metastable structure and an on-site substitutional model without a phase transition. Comparison of
both models with the data strongly favors the phase-transition model, but not so strongly as to be
absolutely compelling evidence for the piodel. The theory is evaluated with use of the recursion
method and a rigid-ion approximation with first. and second.nearest-neighl'or force constants. The
evolution of the spectra with increasing x is predicted, and is consideraby more complicated than
that given by either a virtual crystal or a persistence approximation. Principal spectral features arc
associated with vibrations of various bonds. All of the major anomalies in the Raman data are ex-
plained: (i) The alloy dependence of the Ge-like LO Roman linewidth is related to the entropy per
site. (i0 The discontinuity as a function of x in the Raman peak position of the Ge-like LO mode is
due to the changing importance of vibrations associatedwith Ge-Ge and Ge-Ga bonds. (iii) The
anomalous asymmetries of the GaSb-like and Ge-liki: LO Raman peaks are attributed to spectral
features associated with Sb-Sb bonds and Ga-Ge boads, respectively, (iv) The LO-TO splitting at
k=O is proportional to the order parameter of the plase transition and decreases from the GaSb
value to zero as x increases to x.=0,3 The model Icads strong but indirect support to the phawe-
transition model over the on-site model, because, as a function of x, the maximum Raman linewidh
coincides with the maximum entropy in the phase.trautiition model, but not in the on-site model,

I. INTRODUCTION ra.ige x.-=0.2-0.7. In order to understand how the disor-
dor affects the vibrational properties of these metastable

Recently Greene et al. fabricated metastable, substitu- al'oys, we calculate the vibrational densities of states of
tional, crystalline alloys of group-IV elements with III.V (GaSb)1_a.(Ge), using the recursion method.b - z We
compounds such as (GaAs)_,(Ge,), (Ref. 1) and employ two theoretical models of the disorder, one based
(GaSbhnl,(Ge)., (Ref. 2). Unlike conventional quasi- on the predicted phase transition, and one without an
binary IlI-V alloys such as GaAst_,P,, the characteriza. ordei.disorder transition) that assumes the Ge merel) di-
tion of the disorder in this new type of alloy is complicat- lutes the GaSb without leading to the formation of any
ed by the fact that three electronically different elements antisite defects or Sb-Sb bonds. The resulting densities
are distributed on the lattice sites of two face-centered- of phonon states of (GaSb,1_,(Ge.2) are-compared with
cubic sublattices. The first theoretical approach to this the Ram-n data.6'7

problem, proposed by Newman et al.,3' " is based on a The recursion method has been applied preiouslk to
mean-field :heorv in which a zinc-blende-diamond theoretical studies of phonons in perfect crystals,' 3 bvt, to
(order-disorder) phase transition occurs at an alloy com- our knowledge, the present work e'epresents one of the
position x, =0.3. This approach successfully explains the first applications to semiconductive crystalline alloys, il

observed V-shaped bowing of the direct band gap in and the first application to (A ..B. )I_(C ')x metast'able
(GaAs)t,(Ge), as a function of composition x.3 Fur- alloys. The recursion method is basically a contin,.ed-
thermore, unambiruo'is confirmation of the predicted fraction scheme for calculating the Green's function and
phase transition has been reported in the recent x-ray dif- the local density of states at a central site of a cluster of
fraction measureme:.-s of (GaSb,|_,(Ge,)x by barnett atoms in real space. A major advantage of the method
et al.5 Effects of the disorder in the .lloy are also seen in over other cluster schemes is that the continueca-fractio:
the vibrational properties of (GaAs)1t_,(Ge,), and truncation does not introduce spurious gaps tas a supercell
(GaSb _xIGe,)., ac shown in some recent measurements scheme does) or surface states tas a finite.,- .uster method
of their Raman spcctra.6- 9  does). A clear and concise discussion of the method is

In this paper, we consider the fGaSb) 1_x(Ge,)x Raman given in the work of Nexii and Haydocl,;"" the computer
data of Krabach c al.t and Besernwan ei Cl.,7 %,which show subroutines used to e~aluate the densities of pnonon states
anomalously broad linewidths for compositions in the are the Cambridge Recursion Library; t" main routines are
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listed in 'Ref. 15. The method properly accounts for the long-ranged Coulomb forces to zeio. There are a number
local-environment surrounding the central atom-in a clus- of disadvantages associated with this simple model. The
ter, and thus it is ideally suited for obtaining local densi- most important is the neglect of all long-ranged Coulomb
ties of states in any disordered system, especially one that forces, which are responsible for (i) the nonzero splitting
is well described by a localized basis, such as a tight- of the longitudinal optic (LO) and transvers- optic (TO)
binding model. The advantage of the recursion method modes at the center of the Brillouin zone for zinc-blende
over other commonly employed alloy theories (,,uch as the materials (due to tie dipole-dipole interactions, iii addi-
coherent-potential approximation) is that the effects of tional contributions to the splitting of the LO and TO
clusters of minority atoms are explicitly included, and so modes away from the Brillouin-zone center (due in part to
the theory is accurate beyond orders x or (U -x)-while the dipoles induced in vibrating polarizable atoms), and
the coherent-potential approximation is not. (iii) the flattening of the transverse acoustic (TA) branch

The main shortcoming of ,he method is that it is not near the Brillouin-zone boundary. These long-ranged ef-
well suited for handling long-ranged forces, such as the fects have been incorporated in previous models, such as
dipole-dipole interaction responsible for the Lyddane- the shell modell"is or the bond-charge model,lq but are
Sachs-Teller splitting of longitddinal and transverse optic neglected here because our primary interest is the study of
phonon modes at the center of the Brillouin zone. 6  the effects of local alloy disorder on the phonon spectra.
Nevertheless a previous recursion calculation for the Justification for the neglect of Coulomb forces is af-
quasibinary semiconducting alloy AlGai..As (Ref. 14) forded by the fact that (i) effective charges in these ma-
showed that the method, despite its neglect of long-ranged terials are typically very small (-0. 1 eV1 IRef, 201 and (ii)
forces, is useful for correlating peaks in the density of Herscovici and Fibich"' have shown that a model which
phonon states with major features &:' Rawan and infrared includes second-nearest-neighbor force constants incorpo-
spectra, and for associating those peaks with specific local rates enough of the long-ranged forces to adequa'6ly
atomic configurations in the alloy, simulate much of the essential qualitative physics result-

In this paper we compute the phonon spectral densities ing from those forces. With the rieid-ion model and
of states assuming two models of substitutional alloy dis. without the long-ranged Coulomb forces, the application
order: (i) an on-site model, in which cations always of the recursion method is tractable and even straightfor-
remain on nominal cation sites, and (ii) a phase-transition ward.
model, in which all atoms can occupy either nominal In 'he harmonic approximation (using.Dirac notation).
cation or nominal anion sites, the time-independent cigenvalue equation of motion for

the displacement of the lattice, 6R), is

I1. THEORY 1-P 56R) =%f 'SR). (2)

There are three basic steps to our theory. (i) The where the displacement in the tth direction , =x, y, or z)
development of an adequate theory for describing the of the bth atom (b=anion or cat-on. in the nth unit cell
dispersion relations and phonon densities of states of pure (at R,) is (n,b,i W, and At and (P art the mass and
GaSb and Ge (See. IIA). (ii) the modeling of the alloy force-constant matrices, respectivel%, Here %%e have the
statistics-that is, the determination of the probabilities mass matrix (in the ' nbM) basis):
that a site is occupied by each of the atoms Ga, Sb, and M= 7, nb,i)Mfb(n,b,i V 2.2)
Ge (Sec. JIB): and (iii) the proposing of prescriptions for - .b
determining the force constants in a specific cluster of the
alloy in terms of the force constants of GaSb and Ge (Sec. The force-constant matrix, (n,bs 4 n,b,,), vanishes
IIC). Details of the calculations are in the Appencices. unless (n,b) and (n',b') refer to thu same trnom, nearest

neighbors, or s-cond-nearest neighbors. Taking the posi-

A. Phonons in GaSb and Ge tion of the bth atom in the nth unit cell to be R, if b
refers to an anion site of the underlying zinc-bl--nde struc-

1. Force constants and dispersion relations ture (v. =0), and R,, +v, if b refers to a cation site, we
note that for the zinc-blende lattice, we have

We assume the harmonic approximation and use a sim- v =L/ 4 )( 1,l) with aL being the lattice constant.
pl: rigid-ion mode! to parame.rize thu phono:v dispersion Then we have, for the force constants between the anion-
cu-'v'es o" GaSb and Ge, ignoring all but the first- and site atom and its nearest cation-site neighbor in the same
second-neatest-neighbor force constants; we also set the unit cell:

x) ij' ,'z).

(Xj a 13 13
(n, b=anion, i 4 in. ;'cation. ') =(y (2 a , 1).3)

(Z - 13 a

where the rows and columns are labeled by i and i'. The values of a at2 13 depend on the two atoms at either end of the
chemical bond between (njbn and ('W.b'): for example, in pure QaS.- e have just two parameters: atGa-Sbi and
B(Ga-Sb). The other nearct neighbors to an anion atom at P,, arc in diffrent unit cells, and !he corr -sponding force-
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cof,,tant matrices ae obtained by symmetry operations, as given-in Appendix A. The sccond-neare.,t-neighbor force-
constant matrix between the anion atom at R, and te one at R, = R, + (aL /2 )(0. I, I) is

:x) ly) Iz)
(Xj ? 0 0

(n, b =.,ion,; n', b=anion, i') =(y 0 a. (4)

(Z 0 V. I h.

Appendix A shows how the force-constant matrices for Eq. (2.5), the dynamical matrix in the present model is
other second eighbors are related to Eq. 12.4); a similar contructed as summarized in Appendix B.
expression holds for cations, with X,/.u, and v. Numeric'l values for the force.constant parameters For

The remaining nonzero elements of the force-constant pure crystals with zinc.hlende structure can be obtained
matrix are the diagonal elements, which follow frc;m the by fitting the model to experimental data at several ;ym.
requirement of ii-variance of the equations under infini- merry points in a Brillouin zone, and to elastic-cons.:ant
tesimal translation of the crystal: data, Appendix C contains a detailed description of the

fitting procedure. A tabulation of the resultant values of
(n,b, I !_bn,,i') - '(n,bi 1 1, n',b',') , (2,5) the force-constant parameters as well as the atomic

4%,,' masses may be found in Table I for GaSb and Ge, and in

where the prime on the summation indicates that Ref. 15 for other semiconductors.
(n',b')=(n,b) is excluded.

Taking advantage of the tratslation.group symmetry of 2. Densities of states
the lattice, we change basis to Bloch states:

To obtain the densities of phonon states for GaSb and

k,bi)=N-1- jn,b,i)exp(-ik-(R,+vbiI, (2.6) Ge, we employ 1000-atom clusters and execute the recur-
,, sion method to 51 levels of continued fractions. These pa-

where S is the number of unit cells and k lies in the first rameters are found to be necessary to obtain good repre-
sentations of the densities of phonon states and to produce

Brillouin zone. In this Bloch-type basis set, the equation well-converged spectra. The phonon dispersion relations
of motion, Eq. (2,)), can be written as are compared with available data, and the densities of

(flL-QJt6R)=0 (2.7) states calculated by the recursion method are compared
with those evaluated using the Lehmann-Taut method ' in

or Figs. I and 2 for GaSb and Ge,' 22- 5 respeci;.ely. As one

I tfl-'6,,.Sb.b (kb,i Q Ik,bi')l(k,b',i' 8R) =0 can notice. the sharp Van Hove singularities 6 present in
rV -the Lehmann-Taut densities of states are absent from the

densities of states obtained by the recursion method.
(2.8) Thus the recursion method is limited to representing den-

where we have sities of states of al,.bys, where the perfect-crystal Van
Hove singularities are expected to be blurred by the disor-
der.<k,b,i I L I k,,b',i')

=(Mb, My)-"/2 (n,b, I Lb i n',b',i')
Il'

xexp[ik'(R,,.+vb.-Rn-vb)]. TABLE I. Force.constant parameters (in units of 10
dyn/cm) and masses (in units of 10'' g).

(2.9) GaSb Ge

This is the dynamical matrix element in the Bloch-type a -39.5253 -49.470
basis set, Ik,b,i). The phonon dispersion relation is P -34.)'O -37.159
determined from the secular equation (2.7) or (2.8), for a X' 4.500 5.821
finite set of k values in a Brillouin zone. The crystal ' 4.5001 5.821
eigenstates are linear combinations of the above Bloch- Pa -3.6971 -3.092
type basis states: -4.467' -3.092

- 3.6973 -3.092
k,s)=j. (k,b,i 1 k,s) 1 k,b,i) . (2.10) ve -4.467' -3.092

bi

Using the first- and second-nearest-neighbor force- M. 202.1695 120.5379

constant matrices given in Eqs. (2.3) and (2.4) [and those m, 1 _15.7722 120.5379

in Eqs. tA4) and (AS) in Appendix A], as well as the "on- 'Parameters for GaAs obtained from Ref. 22. We used these
site force-constant matrices" determined by the relation in parameters for GaSb as well.



3i DENSItIES16F PiONON STATES .FOR (GaS6).: (G 2) 31
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ENERGY h i (meV-) FIG.-2. Densities- of -phonon states-times 10' rad/sec (top)

FIG.1. enstie of honn sate ties 1" rd/sc (op) and phonon dispersion curves (bottom) for Ge. The density of

and phonon dispersion curves (bottom) for OaSb. The density wthte o obtained by the emnnsiou method ( doi ie scmahed
of states obtained by the recursion method (solid line' is com- ihteoeotie yte emn-atmto dse
pared with the one obtained by the I. ~mann-Tan, method line). The phonion dispersion curves are ol-tained in the present

(dahedlin). he honn dspesio cu ie ar obaind uing model (solid lines,, and-are compared w~ith the neutron scatter.

the force-constant parameters for GaSb from Table I (solid indaafoRe.2(otdlns)
lines), and are compared with the infrared reflection data from
Ref. 23 at r point (circles), and with the neutron scattering data
fronm Ref. 24 (dotted lines). The energies of various phonons are will sit next to a Ga atom, for example-there are no an-
denoted on the density-of- ites figure. as, for example, LOX UK tisite defects such as a Oa atom on an Sb site, and hence
for the LO phonon at the UI and K roints of the Brillouin zone, no Ga-Ga or Sb-Sb bonds.
The symmetry points of the IBrillouin zone are r=(0,0,0, L Missing from the probabilities in Eqs. (2.1 la)-(2.l Ic) is

=(ro)++,~J (ir~jl00) =2/L)l+~, the idea of Newvman et ai2~which postulates that
and K = (27/aO-, 2, 0). (GaSbI...AGe2X, [like (GaAs), .A(Ge,),I undergoes a

phase transition as a function of alloy composition x from
a zinc blende to a diamond -.tructurc. They define an or-

B. Alloy statistics der parameter M which is nonzero in thu zinc-bleaide
phase and is zero in the diamond phase isince there is no

In order to tieat the phonons in these alloys in a trac- distinction between "anion" and "cation" in the diamond
table manner, we first need to model the distribution of structure):
the three types of atoms on the two face-centered-cubic (.2
sublattices. The simplest approach is to view the substitu- M=(P ), - (PG, )a + (PSh ), - (PSb )'/2 . (.2
tional alloy as a 111-V' compound with an underlying If wve assume, for simplicity, that Ge occupies both types
zinc-blende structure, but with the group-IV elements of sites with equal probability ((P~edc=(P~c)d) and
dispersed randomly. If at first we assume an "on-site also That nominal zinc-blende-latticc sites are occupied by,
model," the probability of occupancy of each atom (Ga, one of the three types of atoms, then we have simply
Sb, and Ge) on each nominal sublattice site (a= anion site,
or c=cation site) is given by 'f =(PG.) (PG.~

(PG. c=(PSb)=l-X ,(2.1la) =(P~b).-(PSb), (2.13)

(PSbc= (PG,,).a=0 (2.11 b) This order parame-ter can take on all the values from
x - I o I -x. If all the Ga atoms occupy nominal cation

and sites, then we have MI = I -x; if the Ga atoms are dis-
(PC. c(PGa X. (2.110c tributed evenly over nominal cation -ites .tnd nominal

anion sites, then we have M =0; if all -he Ga atoms are
Note that these )robabilltics allow tml) a limited type of on the nominal anion sites. then we ha% e Ml =A -I1; and
alloy clusters: tlkLe is zero probability that a Ga atom if we ha% e ' If I i I -x, then borne anions and canons are
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round on nominally "wrong" sublacrice sites. The average ol .M = I -x. or by Eqs. 12.iNat -._.140) for the case of V
"ceuipances (if Gia. Sb, and Ge azorls on nomirmal cation determined by the ii-an-field thc.)ry %kio the occurrene.,

ices c -ind onl nominal anion %ites a in the phase- of the phase tran-d~on at xc=0,.. Using the force.
~niin mc resmnri~ sconstant parameter, ror parent cornpounN in Table 1, the

1\ P'. IX r~l/ (2.4a) first-nearest-neigltor force constants at for the six por~si-
~i I - .~-M/2 . (.14a1 ble pairs of first-neighboring atorns in lGaSb)i,~e)

(Pr)" =(1 -X -M''i2 1 2.14bi are given by

(Psi),= I - x --M) /2 . 12.140) a((GaiSb) 1 .,(Ged),;Ga-Ga)=aGaSb) (2.16a)

=~I x-~M/2,(2.14d) a((GaSb)1 ,(Get),;Sb-Sb)=ai(GaSb) .(2.16b)

and cL(abI.~G4;eG)aG),(2.16c)

c((GaSb) 1.,(Ge),Ga-Ge)=aGtb 21d
The oider pararr-:1w M W) is det,.rrnined within a .rn~ui- a(ab,-(e ,G-e
field approximatior as the solution o0,4~ = ( I - xac(GaSb) +xa(Ge) , (2.16e)

M/ll -x)=tanh[M/( I -xe)] , (2,15) a(t GaSbl 1 (Ge); Sb-Ge)

where ;he rhuse-transition composition x, is extracted =I I - x)a(GaSb) +xa( Ge . 12.161)
from data. We use x, =0.3 as is sueeested by both the

op~u asootoc .i~ te -ry ifratin a7. We &, ae the same relations for f3 for these paii.- of atoms.
note that zhe probYlities of atomic distribution in the Th eodnasteibrfrccntnsXfoPxp-
tin-site model, Eqs. 2.1 laj-t2.l Ici, can be obtained bim- sible pairs of second-neighboring atoms are given by
ply from the phase-transition model probabilities, Eqs. ?.(( GaSb),-...I(Ge' l, ;Ga-Ga) = X,(GnSb) , (2 1' a)
(2,140)-0.1401, by replacing M with I -.

It ihould be emphasized that the present calculations ?,((GaSb)a-.(Ge.;Sb-Sb)=Y.,GaSbi , Q2. 1 -b
are based on the phase.-transi tion theory of the alloy as Gabj.Ge); -e=)( ),1217
evaluated in ai mean-field approximation. To be sure, the ,(27c

mecan-field approximation is not exact and an improved M(~aSb)j_,(Ge.,),;Ga-Sb)
theor) tmay be needed as the 1ata for (GaSb), -*,(Geoi re
refined.-' Indeed H-olloway and Davis*3 have recently =(X,(GaSb)+:XQ,(GaSb)]/2 C3(.17d)
suggosted an Aternati'e model of the similar alloys (Gab 1 (G ):aGe
(GaAsh. -(Ged), in which they forbid :he formatioa of
As-As ind Ga-Ga bonds.--and hence fc~bid the order- =(Il-x.-X,(GuSbl+xX(Ge-) 1 2.17e)
disorder phase transition. Their model assumes diat the MG~~_,G.,S-e
zinc-blenide-diamond transition is percolative in natur, .1ab,..AGXS-e
i.e., the transition is assumed to be controlled by geometry =(I - xA(GaSb) +.cX(Ge) (2.171)
alone, with a transition composition x, characteristic of a
site-diluted diamond lattice, x, z G. 3.1" Thus their model We use the -.,m iiations for the other second-nearest.
does no~t -ither include diff-renes in lust,.ring that can ntighbor force constants tt and %, for the. e pairs of atoms.
arise from chfferent growth techniques or allow for
temperature-dependent growth. (For example, the restric-
tion o4 eliminating Ga-Ga and As-As bonds forces the D. Oudine of the calculation
probability of finding a Ga-Ge bond to be identi U to
the probability of finding a Ge-As bond.) Given the The local density .if states d,,R;fl) in a disora.-red sys-
dependence o f GaA...r Ge:) electrunic structure on tern depends sensitivel% an the local atomic environment.
growth conditi'7 .s seen e~xerimentailly,'" and the ex- To obtain the total densities of states we sumi over an en-

i~cece f xray iffa~ton dta upprtin tt ie dea semble of local densitiks of states as follows. ti) A specific
of a z'nc-blende--diamozid phase iransition for five-atom minicluster is generated, e.g., a central Ga -Atomn

(GaSbI 1...(Ge,), 5 we elect to concentrate siere on the stircounc:.d by two As. one Ga, and one Ge, for the center
model wvhich contains 'hose features. We do, howveker, of the 1000-atom cluster; .ithe probability pitx of this
stud> 'he difference in phonon densities of ~tc-obtained 'luster -ccurring in an allo> %ith coinpositio v is deter-
between diEriuti. i, gisca by Eqs. (2.lla)-t2.1lc) an mndseApendix M) (iii) the remainn A~5 atoms are
Eqs. (2.14a)-(2.l4e). added with the probability for each atom as defined in

Eqs. (2.1 la)-(2.l Ic) or Eqs. (2.14a)-(2.140); and Q0v the
C. Force constants local density of states iv computed by the recursion

method at the central site of the minicluster embedded in
Based on the atomic distributions defined in Eqs. (2.11) its alloy environment of the 995-atom cluster. The pro-

and 12.14, above, we generate a 1000-atom cluster (using a cess is repeated for -11 possible inoclusters, each embed-
random number generator) in which the distribution of ded in the 995-atrm cluster. The total density of states
masses is given either by Eqs. (2.1 lal-(2.1 Ic0 for the case per unit cell is then
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D(il;(GaSb),..(e)) 7,p,(x)d,,(R;f1) , (2.18) 111. RESULTS AND DISCUSSION

where the sum is over A possible miniciusters, and d. A. Spectra
and p, are the local density of states and the probability In Fig. 3 wve display the calculated densities of states for
of occurrence of the Kth minicluster, respectively, various alloy compositions in the case of the on-site

In addition to the densities of states by the recursion model, i.e., the model with Ml = I -x, as well as the densi-
method for thc above twvo types of disorder, we also ob- ty of states obtained by the virtual-crystal approximation
tamned, for comparison, (i) the densities of states for the for x =0.5. In this figure, we can see that the virtual.
virtual-crystal-approximation alloy as well as (ii) the den- crystal approximation yields a single -amalgamnated"'
sities of phonon states in the persistent approximation, M optic band. Thus, this approximation does not reproduce
which is a linear superposition of the densities Of states Of the two-mode -.ehavier for the optic-phonon spectrum ex-
GaSb and Ge: pected of semiconducting mixed crystals: two sets of

long-wvavelength optic phonons that are each energetically
D(f1;(GaSb) i(Ge,),) =0 -x)D(f1;GaSb) +xD (f;Ge) close to those of the parent compounds, GaSb and Ge.

(2.19) We conclude that the virtual-crystal approximation
should not be used to describe phonons in these materials.

In the following section, we discuss our resillts for (he Figure 4 showvs the densities of states cidculated for the
densities of phonon states and interpret available Raman
data for (GaSb)1.... (Ge2). 6,7
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case of M determined by the phase-transition model in the shown in Fig. 3.
mean-field approximation. as well as the r .rsistent spectra The impurity (local) mode at -270 cm - 1 for x =t. I
(Eq. (2.19) for x =0.5. The persistent rproximation is results mainly from %ibrations of Ga-Ge bonds. Vibra-
capable of describing at 'ea.t two optic bands originating tions of Ge-Ge bonds also produce modes near this fre-
frolm the parent compounds, although it does not include quency: as the iLioy composition x increases, the Ga-Ge
al'oy modes, which are characteriste vibrations of various and Ge-Ge vibrtions gradually evolve to form the Ge-
attmic arrangements in alloys that do not exist in .he like optic band. At xn0.7 this Ge-like optic band is
parent compound,; 'e.g.. characteristic vibrations of an Sb composed mostly of vibrations of Ge-Ge bonds.
a:om surrounded hy three Ga atoms and one Ge atom). The GaSb-like optic band at x =0. I reta-ns most of the
This approximation seems to work well for quasibinary fe.:,ures of pure GaSb, and thus the highest peak corre-
alloys, sach as Al.Ga1 _.,As (Ref. 14), where the substitu- sponds to the zone-bcundary TO phonons (such as the
tional disorder is limited to the atomic arrangements on transverse-optic modes at the X and L points of the Bnl-
one of the two face.centered-cubic sublattices: in this louin zone, denoted TO:X and TO:L) and the shoulder at
case, deviations of the recursion spectra from the per- -220 cm- 1 correspoods to the zone-boundary LO pho-
sistent ;-ectra are relatively minor and can be .a.ly at- nons (such as LO:U,K). (These can be interpolated from
tributL.d to the alloy modes. However, in the .'tse of the k-space assignments for GaSb in Fig. !.) As alloy
1GaSb)_,,Ge:), alloys (see Fig. 4), there seems t3 be a composition increases, vibrations from Ge-Sb bonds take
major difference between the persistent spectrum (dashed part and smooth the shape of the GaSb-like optic band.
line) and the recursion spectrum (solid line). This obvi- And at x==0.7 the modes from Ga-Sb an.l Ge-Sb bonds
ously indicates a high degree of disorder on both sublat- become highly degenerate with the nearby mdes, and the
tices, which gives ri e to many different types of alloy density of states retains most of the features % f pure Ge.
modes, and therefore to a variety of peaks in the density- The densities of states with M determined by the
of-states spectra. mean-field theory (Fig. 4) show much richer structure

To see how the different types of disorder affect the vi- than those with M = I -x. At x =0. 1, in addition to the
brational densities of states, we compare the recursion mostly GaSb-like featu-es, we can see two new peaks.
spectra obtained from the atomic distributions defined in These are impurity modes: the peak at -270 cm' 1 is
Eqs. (2.1 la)-(2.1 Ic) and Eqs. (2.14a)-(2.14e). The differ- mainly composed of vibrations of Ga-Ga (and also
ence between these two models is the type of disorder: in Ga-Ge) bonds, and the peak at - 195 cm' is due to
one case (the on-ite model of Eqs. (2.1 la)-(2.11c)], we Sb-Sb bonds.
set the order parameter At equal to I - x and have no "an- As Cloy composition increases, vibrations of Ge-Ge
tisite defects" such as Sb on a nominal Ga site, while it, bonds ta .- part in the Ge-like optic band, and, .iong with
the oil .r case ithe phase-transition model of Eqs, the vibrations of Ga-Ga and Ga-Ge bonds, broaden this
(2,14a)-2.140], the order parameter is determined by optic band in the range 0.3_5x <0.5. In the GaSb-like
mean-field theoi: and antisite defects occur in relatively optic band for 0.3 <x <0.5, however, although the vibra-
high concentrations. The local densities of states obtained tions of Ge-Sb bonds as well as Ga-Sb bonds contrbute
by the recursion method for e:a.h central atom in each to the band, the Ga-Sb plus Ge-Sb hne shape in Fig. 4
configuration of the five-atom miniclusters are useful in appears narrower than the corresponding peak in Fig. 3,
identifying the origin of peaks in the total density of vi. because of the spect.'al distribution of the modes.
brational modes. Each of the statistically independent The Sb-Sb peak is significant in the theory for x =0. I
corfigurations of the ininiclusters contributes to charac- and 0.3, but ther it decreases in intensity, and is indistin.
teristic peaks in the density of states. We find, however, guishable from nearby modes for x >0.5. Presumably
that it is most convenient to associate different contribu- this occurs oecause the number of Sb-Sb bonds rapidly
tions to the densities of states with various "bonds" rather decreases as alloy composition increases. As in the case of
that with entire miniclusters. In "his scheme, we have M = I -x (for which there are no Sb-Sb bonds or peaks),
four different types of bonds for the on-site case of the density of states retains most of the features of pure
M =I -x: Ga-Sb, Ga-Ge, Ge-Sb, and Ge-Ge; and Ge for x >0.7.
two additional ones for t', case of M determined by We now make a t.'mparison with data. In Figs.
mean-field theory' Ga-Ga tnd Sb-Sb. We concentrate 5(a)-9(a), we display Raman spectra obtained by Krabach
on the optic region since the optic modes are sensitive to et al.6 and Beserman et al.,7 along with the densities of
local atomic order and thus exhibit interesting disorder ef- states for the case of M determined by mean-field theory
fects. (Figs. 5(b)-9(b)], and for the case of U = I -x (Figs.

In the densiti-s of states calculated with M = I -x (Fig. 5(c)-9(c)]. In comparing our results with Raman data,
3), we note the existence of some structure in each of the we recognize that the experimental quantmus depend on
two main optic bands. The optic band at the higher fre- the transition matrix elements tinvolving electronic states)
quency is "Ge-like" and increases in intensity with in- as well as on the densities of phonon states, and that the
creasing alloy composition, x, and the optic band at the Raman lines are a subset of the density-of-states spectra.
lower frequency is "GaSb-like" and decreases in intensity In particular, for certain experimental geometries and
as x increases. Both longitudinal and transverse-acoustic light polarizations, in the case of pure semiconducting
bands gradually change in positions and intensities on go- compounds, many Raman matrix elements are expected to
ing from GaSb to Ge. The structures in the main optic vanish because of selection rules: 2."3 for example, pho-
bands are assigned to vibrations of various bonds as nons excited by iight scattering have k=0. These selec-
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-tion rules are broken in'alloys;:certain modes ate "disorder WAVE'NUMBER ,' (cn~')
activated"rafd appear inthe Raman spectra. Every mode 0-100 200' 300

that appears in a Raman spectrum should also appear in (a)
tOe density of phonon states, although-the strength of the X =0.l(
mode can be quite different inthe Raman and density-of. Roman spectrum
states spectra,

Another caution should be taken while comparing the
calculated densities of states with the data: The peak po-
sitions, as well as the peak motions as a function of alloy - .

composition, are not accurately reproduced in the present X 0.1 3 (b)
calculations. These numerical inaccuracies are due to the 0.6 M mean field
negle't of long-ranged Coulumb forces and due to the use M

of the rigid-ion model. Even with these limitations, by . 3 thec. i
mentally shifting or broadening the calculated densities of . 0.3
states by tn amount comparable with the differences be- " "
tween the theory and the data for crystalline GaSb or Ge, 0
the present calculations can be used to identify the princi. 'I X 0 1 ', (c)
pal spectral features and to associate them with vibrations 0.6 [ -M=I-

of specific bonds,
Since the Ramanspectra depend on the densities of C 0,3 i

phonon states as well as the Raman matrix elements, the.VX

effects of disorder on the Raman spectra are manifested o
in two ways: (i) new features in the densities of states, 0 20 40 60

caused by various alloy modes which do not exist in the FREQUENCI a , ,od/se
persistent spectra, may contribu:; to the Raman spectra; 0 10 20 30 ,0
and (ii) due to a breakdown of the selection rules, certain ENERGY I fl ( meV )
modes which are not normally observed in the Ramanspectra of pure compounds (such as acoustic~ modes and FIG 5. (a) Raman spectrum for IG~iSb 0,tGe~to o from
zoneboundary optic modes), as well as some of the new Refs 6 and 7; (b) calculated densitc of phonon states for the
alloy modes, become Raman actie. The alloy ode arw same alloy obtained by the recursion method in the case of M

alloymod come Rad ineiThe oes ite determined by mean-field theory; and (c calculated densitc of
likely responsible for the broad linewidths observed i the states in the case of M = I -x,
data of Krabach et a/. 6 and Beserman et a/,7 To demon-
strate this, we compare the Raman spectra with the densi-
ties of states in our two models. As mentioned earlier, the
major difference in our two models is in the type of disor- Even at this low value of alloy composition, we notice a
der allowed-the simpler on-site model (with M = l-x) slight asymmetry in the line shape of the GaSb-like LO
does not include vibrational modes caused by antisite de. mode in the data, We speculate that th, feature can be
fects in the form of Ga-Ga bonds or Sb-Sb bonds, We attributed to: (i, the disorder-activated zone-bourdarv LO
examiive the spectra in the regions (i) x <0.15 (ii) phonons of GaSb, which produce a shoulder around 220
0.15 < ): <0,75, and (iii) x >0.75 below. cm- 1 in the densities of states in Figs. 5(b) and 5(c); or (ii)

a long-wavelength GaSb-like TO mode resulting from the
"leakage" due to a slight deviation from a perfect back-

1. x<0.15 scattering geonetry. It wa.-. indicated in Ref. 7 that this
weak shoulder is due to the lc'ng-wa'elength GaSb-like

Since the Ge-atom concentration is very low in this re- TO mode, fo" x <0.1. 1, th m,,ics, howe~dr, could coex-
gion, the density-of-states spectra for x =0.13, :hown in ,st. giscriminating be'", the t-,, possibilities is diffi-
Figs. 5,h and 5(c), retain most of the features found in cult, because of the %% eakns. of the feature t.% olved.
GaSb. A new feature is the impurity (local) mode around The long tail in the frequei.:% range betueen - 190
270 cm t, which is due to the vibrations o Ga-Ga and cm- and -210 cm, e% ideni in the data, nia) ha% e re-

Ga-Ge bonds for the spectrurr in Fig. 5(b), and is mainly Stted frora disorder-actisated %iorational modes of
due to the vibrations of Ga-Ge bond,.for the spectrum in Sb -Sb bond! (the peak around 195 cm-' in Fig. 5tbi].
Fig. 5(c), as discussed earlier. Note :ha! a -ap is predicteJ, ' this fr.quency ran;". by the

In the Raman spectrum of Fig. wa), we note that the on-site model [Fig. 5(c)]. lto'u. er, the density of states
Ge-like LO mode at - 260 cm- 1 exhibits a linewidth that of th,. on-site model %ith If -; I -- % could produce nearl$
is relatively broad compared witb that of typical ;mpurity the same fiWed-gnp feature as seei, in oath the data and
modes in quasibinar) III-V alloys. A comparison with the phase-tansiton model (Fig. 5tbij. after a slight
our .alculated densities of states indicates that t: s feature broadening of the GaSb-like optic band. Therefor., one
could result from the vibrations of Ga atoms, %%ithin cannot state unambiguousl) from comparin. the theor)
Ga-Ge bonds or Ga-Ga bonds, which %%ould gi~e rise to and data of Fig. 5 whether or not Sb-Sb bonds are st,-
a broader iinewidth t.:an could be obtained from G,'-Ge nificant in the obser'ed ;' -man spectrm. Nevertheless,
bond vibrations only. the comparison of theory with data in Fig. 5ib) stroi aly
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suggests that Sb.- Sb bonds arejikely present in significant WAVE NUM8ER X"' (cm " )
numbers, :nd casts doubt on a'- 'icr conclusion to the 0 100 200 300

contrary (which had assume, that b-Sb bonds would X = ()
produce a sharp Raman peak). 7  Z Rrn3n spectrum

2. 0.1S<x<0.75

Figures 6-8 show the data for x =0.24, 0.34. and 0.56,
respectively, along with the densities of states obtained by___
the two different models: on-site and phase-transition. r 1
The two main peaks in the data exhibit broad linewidths: 0 X 0.34 W
the !otal widths for alloy composition x =0.34 are -38 M rean field theory1
cm- 1 for the GaSb-like LO mode, and - 35 cm- I for the c I
Ge-like LO mode. Asymmetry in these peaks is also evi- 1 03

dent, In addition, a disorder-activated long;tudinal-
acoustic mode (DALA) is observed in :he data at ~ 150 I Ioo

cm -t and this identification is supported by the theory. V o 0.34
The highest energy ;.-ak is associated largely with Ge 5_ 0.6 -

vibrations, and is broad because Ga-Ge and Ga-Ga (for Ztothe phase.transition model) bonds contribute as well as Q 0,3

Ge-Ge bonds. The lower peak is a combined Ga-Sb and X

Ge-Sb vibration with a low.energy shoulder associated 0,0 _

(in the phase-transition model) with Sb-Sb bonds. Note 0 20 40 60

that the widths of the two main peaks are larger in the FREQUENCY al 1 t0 rod/sec

phase-transition model than in the on-site (CM=I-x) -0 10 20 30 40
model because of the additional modes due to Sb-Sb and ENERGY 5 al (meV )
Ga-Ga bonds. We shall see below that the systcmatic FIG, 7. (a) Raman spectrum for (GaSb.,(jGe.).j from
trends in these widths lend additional support to the Refs. 6 and 7: (b) calculated density of phonon states for the
phase-transition model. same alloy obtained by the recursion method in the cae of M

determined by mean-field theory; and (c) calculated density of
WAVE NUMBER X"  (Cm") states in the case of M1 = I -x.

0 100 200 300

X =0.24

W= Roman spectrum 3. x>O.75i Figure 9 shows te data for x =0.8 along with the den-
4 - sities of states obtained by the two different models. We

,.,_ _ _note that the densities of states retain most of the features
of Ge [Figs. 9(b) and 9(c)], and that the impurity modes

X 0.24 b) due to Ga and Sb atoms are not distinguishable from the
o-6 M=mean field theory zone-boundary phonon modes of Ge (such as LO:X,

which is degenerate with LA:X, and LO:L). This is con.
W- 0.3- sistent with the data (Fig. 9(a)], in which the GaSb-like

-J LO mode is no longer detectable for x > 0.75.

M X 0.24 (C) B. Alloy dependence of linewidths and entropy
Zw- M i-x In these alloys for 0.05<x <0.95 the phonon Raman
a . linewidths are due primarily to disorder, and not to damp-
x ing. For example, the Ge-like LO mode (or Ge-Ge bond

- . vibration) is nearly degenerate with vibrational modes of
o 20 40 60 the Ga-Ge and Ga-Ga bonds, because Ge and Ga have

FREQUENCY Al ( 10' rod /see) similar masses. These Ga-related modes arise in the alloy
L and give the appearance of broadening the Ge-like LO

0 tO 20 o ,40 mode. Thus .he alloy linewidth is due primarily to inho-
ENERGY tial (meV)

mogeneous broadening by disorder-related alloy modes.
FIG 6 fa) Raman spectrum for (GaSb),U7,,Ge2)o24 from The linewidths in the phase-transition model appear

Refs 6 and ", fb) calculated density of phonon states for the broader than those in the on-site model (Figs. 3 and 4), be-
same alloy obtained by the recursion method in the case of M cause of the presence of the additional modes associated
determined by mean-field theory, and f.1 calculated density of %%ith antisite-defect Ga-Ga and Sb-Sb bond vibrations.
states in the case of M = I -x. Thus the alloy dependence of the Raman linewidths
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WAVE NUMBER V(' (cm), WAVE NUMBER 0( (cm')
6- 100 200 300- 0, 100. 200 300

W2 Roman spectrumnW Raon spetrum
'-C

X=0.56 (b) X 0.8(b
0.6- M=mean fCeld theory 0.6- M~mean field theory1

w( U
0.0~ 0.31

0'-.

X 0.56 (Cj . (C

o- 0 10 

a. 0 .0
0 20 * 40 60 0 20 40 -60

FREQUENCY 'A. (101 rod/sac) FREQUENCY al 1 0' rod/sec)

o 10 20 30 40 0 10 20 3.i0 40
ENERGY til (m*V) ENERGY t al (rneV)

FIG. 8, (a) Ramzai spectrum for (GaSb)ra44(Ge.0o36 from FIG. 9. lai Raman spectrum ior tGaSbi,1.It(Ge:PahM, from
Refs. 6 and 7; (b) casculated density of phonon states for the Refs. 6 and 7; (61 calculated densit)- or phonon mtates for the
same alloy obtained by the recursion method in the case of Mt same .allo obtained b the retcursion method to the case of Jf
determined by mean-field theory; and (c) calculated density of determined b) me..n.field theory, and L. AculmW~ dcnsat) of
states in the case of AM = I -x. states in the case of At= I -x,

should be a good indicator of whether such antisite de- predict quantitatkel) line%%idths correspondint; the ob-
fects are present in significant concentrations. served Raman peak widths, Hence we seek a stcaniquanti-

The observed Ramon peaks are due to a superposition tative measure of the line%% idths in terms of the eniropy,
of nearly degenerate modes and (according to the theory) which can be compared with the data.
would be highly structured in the limit of zero broadening Qualitatively the composite line%%idth of the Ge-lake LO
and anharmonicity. Therefore it is difficult to define mode and its adjacent alloy modes %%il bL maxNIMUM when
theoretically which substructures of a peak should be con- the disorder is maximum. In other %%ords, the hinewidth
sidered part of that peak when computing the peak's qualitatively reflects the disorder or entropy of the alloy.
linewidth. Moreover the present theory does not include To illustrate this point, we comipare in Fig. 10 the entropy
either Raman matrix elements or tb'.: effects of anharmon- per site' as a function of x~ calculated in the phase-
icity and broadening-making it impractical to define and transition model using mean-field theor%,.

SWAB=ks(PG,)ln(Pa), + (PAs),ln(PAJ)e+ (PG, cln(Pc;),

=(I -x +M)/2]lnf(1 -x +AI)/2]+(( -x -AM)/2]ln[( I -x -. V)/2] +xlntx) (3.1)

with the Raman linewidths of RJ. 7. Here k8 is sponding entropy per site computed for the phase-
Boltzmann's constant. Note the kilik in the data [Fig. transition model u~ith x,=0.2 and 0.7, respecti'.el%, and
10(a)] near xzL0.3 for both the GaSh-like ind the Ge-like the entropy per site f~r the on-site model %%ith no phabe
LO modes. Furthermore, the width of the Ge-like LO transition:
mode has an x dependence similar to that of the entropy S(x)/k 8 =( I-x)ln( I -x)--x ln(x) .(3.2)

of the phase-transition model [Fig. 10ta)]. (The GaSb-like
LO mode for x > 0. 3 merges with the mostly Ge modes Only the entropy of the phase-transition model %%ith
of Figs. 3 and 4 cannot be separated from the other x,=:0.3 has a kink and a mahkain at tht: samne compo-
modes, and hence a similar comparison of its linewidth tion as the maximum Ramnan, bate'idth.
with entropy cannot be made.) In the absence of a phase transition, tinfe entropy is a

For comparison, we also shom in Fig. l0(b:.1.,: corre- nia:Jimumn at the composition .x *%r %shich ij), probabala-
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UE -() 1.4 30030O
40.0 - 1.2 E Ge-Ge-.,

0UBr 30.01 0 0.-. .
230 0 /Go G 0

0 02.0 - 0 0.6
,o~c V ;"- .,4 0

0 -0.2 "IG-Ge
0 260 . G4 -G

I-

.2 (b) 0.0 0.5 1.0

. ,O/ .... .. -. ~ l::GoSn (GaSb), (GeA) Ge
0.8- /" ...... ,

OW-S, FG. 11. Illustrating our intt:rpretation of the discontinuity
as 0.4cto o i h Raman peak position of the Ge-like LO

0.4". mode, as observed in Ref. 7: There are two principal bond vi.
W 0.2- brations, Ge-Ge and Ga-Ge. We have drawn parallel lines

, through the data for Ge-Ge and Ge-Ga mode^, separated by
00 0.2 .,4 0.6 0.8 1.0 _7 cm" 1, the separation predicted for x =0.5. N(:e that the

(Go Sb) x (Ge) theory, which does not include long-ranged forces, does not ac-

FIG. 10. (a) Total line%%idth in cm-' as a function of compo- curately predict the positions or slopes of these lines, but only
sition x for the Ga.hlike (triangles) and Ge-like (circles) LO predicts the splitting between them.

modes, after Refs. 7 and ;. The GaSb-like mode has been fit in
Ref. 7 to two straight lines (dashed curve). The entropy S per
site (d ided by Boltzmann's constant) as a function of x, calcu. x, =0.3 (Fig. 10(a)] exhibits the same qualitative depen-
lated using mean-fieli theor. for fGaSb)l _ ,,1(Ge.) and assuming dence on alloy composition x as the observed Ge-like LO
x,=0.3 (solid curve) is plotted on the scale on the rght.hand mode width. The fact that the observed linewidth of the
side of the figure. The scales have been chosen such that the Ge Ge-like LO mode exhibits the same qualitative depen.
LO mode line%%idth and Sl O/ks coincide at their maxima. (b) dence on x as the phase-transition model's entropy, name.
Entropy S per site as a function of x, calculated using the on- ly that it has a maximum for x=0.3, is evidence support-
site model of Eq. 12.11) (solid line) and the phase-transition ing the phase-transition theory-and against the on-site
model with x,=0.2 (dashed line) and 0.7 (dotted line). Note (in model. Clearly-(GaSb).(GeO). grown under conditions
(a)] the similar shapes of S(x and the linewidth of the Ge-like such that x, is greater than 0.3 (Ref. 30) should exhibit a
LO mode. Note also the kink discontinuities in S(x) at x, maximum Raman linewidth at the different critical com-
(characteristic of a phase transition) that are seen both in the position x€.
theory and in the experimental linewidth curves at x-0.3 to

0.4. The maximum of S(x) would not necessarily occur at C. Peak positions
x---0.3 if the critical composition were different (b). For x, <T
the discontinuity in S occurs at x, and the maximum occurs at Beserman et al.' noted that the peak position of their
x = , as demonstrated for x, =0.2 [dashed line of (b)]; for broad Raman line for the Ge-like LO mode, Ahen plotted
V, > T, the maximum occurs at x =x,, as demonstrated for as " function of x, exhibits a discontinuity of =7 cm- '

x,=0.7 (dotieJ line of (b)]. near x=-.0.8 (see Fig. 11). The present theory (Figs. 3 and
4) provides a simple and natural explanation of this
discontinuity: there are two types of bonds contributing

ties are equal for finding the various allowed substitution- significant but separate subpeaks to the Ge-like LO mode
al atoms on a given site. For the on-site model (i~e., for Raman line, Ge-Ct and Ge-Ga bonds. In GaSb-.ich
Ml to-x), the maximum is at x dFor the phase- material (x <0.7) the main spectral feature observed is

t dominated by the Ge-Ga bonds, but in Ge-rich alloystransition model, for c, < -2-, the maximum is at X = , Ix .)teG-epa oiae.Teter hw

Lx > 0.7) the Ge-Ge peak dominates. The theory shows
the composition at %%hich there are equal numbers of Ga, -
Sb, and Ce atoms oin a given site. Additionally, for the
phase-transition model, the entropy exhibits a kink at
x =x, characteristic of a second-order transition, as cal- D. Asymmetries of Raman lines
culated in a mean-field approximation (the second deriva- The Raman data for (GaSb)i,(Ge) , are abnormally
tive of the Gibbs free energy is discontinuous).34 If we asymmetric, as shown in Ref. 7: the GaSb-like (Ge-like)
have xc > L-, this kink represents the maximum of the en- LO mode peak has maximum asymmetry for x=_0.2
tropy. (x=0.8) and these asymmetries are not smoothly varying

Clearly, of the calculated curves presented in Fig. 10. functions of x.
only the result for !he phase-transition model with These experimental facts are simtlv extlamed- the
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GaSb-like Raman peak has contributions fr 'om the Sb-Sb moment per unit cell, to a diamond- structure for x( >x,.
bond subpeak on. its low-energy side (see Figs. 6 and 7), in which there is .no average dipole momitat and no dis-
which is especially visible for x <0.5. Likewise Ga-Ge finction between anion tin cation sties. This is a general
bonds contribute on the low-energy side of the Ge-like LO feature of the phase-tran. ion model..
Raman line for x > 0.7 (see Fig. 11). The fact that the Certainly the bifurcation will ii., be us shari as predict-
asymmetries are not smoothly varying functions of x indi- ed in this simple theory, and dllo% flucii.toons %Nill
cates that different modes from the main LO modes are br5'aden the GaSbhlke optic modes. especiall% ( )r x=:x,
responsible. Nevertheless, the data exhibit this splitting,, which i- t'v:-

E. LO-TO splitting dence of the phase transition. Indeed. the zone-.center
LO-TO splitting offers a means to dire,-ily determine the

The zone-center optical phonons of a crystal experience square of the order parameter.
a Lyddane-Sarhs-Teller splitting that should be propor-
tional to the square of the average dipole moment per unit IV. SUMMARY
cell.'16 In an alloy, this prescription has not been fully jus-
tified (except in a virtual-crystal sense); nevertheless, we To our knowledge, the theor presented here is the
employ it here to predict the x dependences:of the k=0 first comprehensive treatment of phonions in
LO and TO modes in (GaSb),.(Ge21.. The dipole mo- (Al"Bv),_.(C"'Amtsalsbttuinl rsaln
ment per unit cell is proportional to the order parameter alloys. We have presented predictions for both the
MWx, and the proportionality constant can be determined phase-transifioii model and the on-site model, a'td have
by fitting the observed splitting for x =0. The order pa- compared 'herm with data. While the .omparison favors
ramneter, in a mean-field theory, is approximately propor- the phase-transition model, the es idence it, not compel-
tional to (x, _X)1 12, indicating that in the mean-field ap- ling. We suspect that a correct inodel of these alloys err-
proximation the LO.TO splitting of the GaSh-lite k=0 brac,; the essential., f thu ph..sc.'ransition model, but
optic mode should decrease approximately linearl) front goes bcyond the mean-field approm.\inaion to include
x =0 to x =0.3. Such a decrease in the LO-TO splitting correlations in the atomic positions. Such an improvcJ
is indeed observed, although the decrease is not necessarily theory will still hase Sb-Sb and Gam-Ga bonds, but they
linear in x, -x (see Fig. 12). [One expects that more at.- wsill be fewser in number than for tht. present mcar.-field
curate calculations using the renormalization group or theory,.10
some similar technique w~ould determine that the LO.TO The main features o~f the Raman data are %%ell described
splitting decreases as kX, -X)20 , wsith P:3-0.325.15] The hi- b) the theor\, despite the fact that man% of those features
furcation of the GaSh-like k=0 mode at x=:0.3 is a were p.rav\iot.sl\ thouaL. to be anomalous. The Raman
consequmence of the change of symmetry fromt a zinc- line%%idths are a measure of the J~lo% disorder and var--
blende structure for ( <x,, in which there is a net dipole wsith x it.a similar fashion to the entrop> of tlt,. pha-

transition model. The observed dep-.ndtnee of the Ranian
240 -linewidth appears to 'it inc isistent with the on-site

- model, Trhe appatent disconlinuity, as a function of x, of
E the Ge-like LO Raman miode is attributed to the fact that

LO separate but nearly degenerate modes associated with two
distinct types of bonds, Ge-Ge and GaG.contribute to

C:230- the Raman peak-and the dominant hond changes, with v.
The apparent anomalous asymmetry of the Raman lines is

C ~due to Sb-Sb and Ga-Ge- sideband modes.-' Finally, the
It order paramet er of the zirc-lble':dle-dianod phase tran-

-1 sition can bc extracted fromt th-. Lyddane-Sachs- Teller
0220-l splitting of the GaSh LO and TO phonions at k =0.

a. In general the model accounts for all thie esserntial phys-
______________________________ics of the spectra of these alloys. It demonstrates tha

0.0 0.1 0.2 0.3 virtual-crvsta, and persistence appro\mmatiorib to the pho-
X non spectra are inadequate. Neverthe'Nss, the -,Lory itself

GaSb (GoSb) 11 (Ge2), requires improvement t( nake it truly quni.ie a nd
FIG. 12. Raman peak positions 11 %in cm-'i of the CraSb long-ranged forces shoicJ bL incorpor:.ted i model.

k=o LO and TO modes tin GaSb ,, Gepi, sersus alloy corn- We hope that this %%ork will stirulat. furth. ...c,'rt .. c
position t.,ifter Refs. 7 nd 8, .ompa.d Aith the predi.tiuns of and exsperimnrtal insestigeations of phonons in these in-
the phase-ransition model plus a Lyddane-Saehs,-' eller LO-TO teresti. - a!loys.
splitting proportional to the square of the order p,.:rameter Ml.
The bifurcation at x,0.3 of the diamond-phase optic mode ACKNOWLEDGMENTS
(0) into LO and TO modes is characteristic of the order-
disorder z.,,.-blende-diamond phase tranN.tion. Here the We are grateful to -;e L'.S_ Off: - of Nasal Research
theor\ is shifted do%%n =4 cm-' to wincide %%ith the data for (Contract No. N00014-s4-K-0'352 lor :hcir generous up-
Q.4sb. but the of the peak position %ith .x, dflI,d.x, is port. We hi.e e:, ted inLu; ctm'.rsations \%ithi L.
not adjusted iG counL for long-ranged forces omitted from tlu Abels, R. Beserai.. T. }2.ahach. T. Nt.Ghnn. and P. MI.
model, and so is not accurately predicted. Raccah.
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APPENDIX A: SYo.\IETRY OF FORCE-CONSTANT o
MATRICES R.= 0 --1 0 . (A2)

Choosing the origin at an ion, the positions of its four 0 0 I
nearest ne-ghbors are rI =(aL/4)( 1,I,1), The force-e,,nstant matrices between an ion at the origin

a -4 I,-I1.), r.=(aL 4)(I,-,-1), and and ions at the positions -r3 and -r4 can be obtained by
.4=(- 1,1, - I). Similarly, the positions of the 12 second similar rotation operations.
nearest neighbors are give:n by the nonzero combinations The force-constant matrix between the bth ions at the
of ":,-r, for 'and j ranging from I to 4. origin and at the position (aL /2)(0, - 1, 1) is derived from

Applying the symmetry of the crystallographic point 0' by operating with R,:
group Td, with, an x,. y. and - basis, the first-nearest-
neighbor force constants between the .5th ion at the origin Ab6 0 0
and the b'th ion at the position ".1 are parametrized as in R(bQtIR - 0 P -1 .(A31

Eq. (2.3), and the second-nearest.neighbor force,: constants 0-- b -b
between the bth ions at the origin and at the position -vt ,at
(at./21(0,1,!) are parametrized as in Eq. (2.41 In this ap- The other ten force-constant matrices for the second-
pendix, we use the notation L"Ii and i-) for the 3X3 nearest neighbors can be easily obtained by similar sym-
force-constant matrices given by Eqs. .,3) and (2.4), metry operations.respectively.meropatns

The fore-costant matri% betwee an ion at the origin These force.constant matrices can be written in a com-

and an ion at the potion r, can be obtained from L b"' pact ' n using the direction cosines (I,m,n) of the v.ctor
rotating the coordinate system by 7r around the z axis:

I a 13 -(31 a 31mg 31nf
8!lR Ib3 a -/3 (Al) !'"(l,m,n)= 31mf3 a mnf3 (A4)

'-f3 -13 a 13143 3nn3 a

where we have the rotation matrix in the form: for first-nearest -'eighbors, and

.b( l -21 2 )+2,ib 2hn vb 2hi %,

2hnvb Xb( I - 2tn 2) + 2.bm " 2ran v (AS)
S 21n %, 2mt, 4t(1 1- 2n"2)+ 2a,0

for secor,d-nearest Ieighbors. The direction cosines (I,n,n) take the values, for instance, (-3-I/2,3 -I/2,-3-1/"j for
(a, /4)( - 1,1, - I) and (0 ,2 -I/, 2 -I/) for(aL,/2)(0, 1,1 ).

In using the recursion method, wherein a finite cluster of atoms is -..nerated, it is convenient to use the above 3x3
force-constant matrices in terms of the direction cosines, for each pair of atoms.

APPENDIX B: DYNAMICAL MATRIX

With use of the force-constant parameters introduced in Sec. II, the 6X6 dynamical matrix -tk) for each k vector in
Eq. (2.9) can be written as

b/b a c

Q a (k - -D .Q (B I)
C Q.', Q,

Each element of this matrix is a 3 X 3 matrix. The on-site matrix &D for the anion is given by

a,x) a,y) ja,z)

(ax a -XjI(k) +,agI(k) vh I(k) vah,(k)

(-A1/4)Da=(a,y I VhI (k) a+.f 2 (k)+,ug.,(k) v,,h 3(k) , (B2)

(a.z [ vah,(k) vh 3(k) a+X.af3(k) +,uag 3 (k)
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where (with aL being the lattice constant) s1 (k)=e +-e+e3± e4

fl(k)= I -cos(raLky)cos(;raLk.) , si(k)=s1 +e,.-e , -e,

f2(k)= I -cos(raLk.,)cos(raLkX) s.(k)= e -e-e+e 4

f 3(k)= I -cos(raLkX)cos(_"aLky) s4(k)=e -,, +ej -e 4

gi(k)=2-cos(rraLk. )[cos(I-at~ky)+cos(r-atk.)], The ei's (i = 1, 2, 3, and 4) are given by

gc(k)=I2-cos(taLky)[cos(I-,aLk,)+eos(;raLk x )] , C1=expUhraL(kX +ky+k:)/2] ,

g3( =2_cos(7aLk,)[cos(taLk,)+cOs(raLk.)] , e, =exp[i!-aL( -k, -ky +k: ),*2J,

hI(k)=sin(raLk)sin('aLky) ej=exp(iraL(kx-k.,-k)/2]

h2(k)=sin(iraLkx )sin(rtaLk: ) e 4=exp[i7aWL(-k +,- k: )/2]
h3(k)=sin(ra~k-y)sin(ra~k.) . Despite the importance of the long-rangd Coulomb

"(k ,forces, we ignore these forces and use the rigid-ion model
The on-site matrix, LD,, for the cation, is identical in form with first. and second-nearest-neighbor force constants
to D, except that the index a is everywhere replaced by c. for describing the lattice dynamics of semiconducting
The off-site matrix 2,, is given by compounds.

(a,x I as1(k) I s2(k) I s.k) APPENDIX C. FITTING PROCEDURE

(M0 M )-IaD a- (a,y I Ps2(k) asl(k) /3s4(k) , At points of high symmetry in the Brillouin zone, the
(a,z I ls3(k) f3sAk) asl(k)I  dynamical matrix becomes block diagonal, We can ex-press the frequencies at these points in terms of the force-

constant parameters, and determine these parameters by(B3) fitting the frequencies with experimental data. The ana-
where we have lytic forms at the r, X, and L points are

.q;(LO; F)= Q;(TO;F) = -4at 1/V, + 1/Me, ), (CID

1-4(a + 4p, )/MC
"'(LO;X), &LA;X) = _ -4(a+4p )/M , 2

.f."(TO;X), fl2(TA;X) = -[2a( 1I/M,0 + I1/Me ) + 4(X,, +/*a )/M0 + 4(,X, +/i: )/Me )]

•4 [ 12a( 1/'v4 - 1/Mf) +4(X, 0 +p, )//Ma -4(X'. +/pc)/Me

+ 16f32/(MM)]"2 (twofold degeneracy) , (C3)
fl"( LO;L ), f1"( LA;L ) = - [ 2at I/Ma + I1/Mc ) + 2( Xa/IMo + Xe /Mc ) +44t/t,,/Ma +Pz c/Mr J 4(va /M 0 + v'€ / 3 Idc)]

1a( I a I/l - I/M)+ 2(-.0 M -A/4Mc)
+41tp/;1a --c/A ) + 4( V/.I4- v/-c ) + 4(-+ 2/3)/(M.t,,e)]" ", (C4)

and

.12(TO;L), f12(TA;L ) = - [2a( 1/M0 + I/M4 ) + 2(X0,/M, + X, /Mf ) -r 4(/ /. +P i/Mc ) - 2( =/ lAb + i /Me )]

j12i/M0, - 1/M )+2(v,/M 0 -v/A) )

+4(a+[3)2/(MAM )]'1 " (twofold degeneracy) . (C5)

In addition, by taking the elastic-continuum limit of the C:2=(-I/aL)[2j-a-.4(v--C)-_t.d-..
equation of motion,"8 we have the following relations be-
tween elastic constants and force-constant parameters: -2(i 0 +/uc i] tC7)

=(- i/aL )[a + 2(X + 2' 0 M2 -- 32/a ] ,

il =t I /aL )[a+ 4(IO-j-Ito)] . (C6) (CS)
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where 9L is the lattice constant. densities of states were reproduced. For GaSb, the ,aram.
In deternining the parameter a from phonon disper- eters for GaAs obtained by Banerjee and Varshni- were

sion curves, the squared frequency, W'( LO; r) found to be exceilent. Here we set one parameter,
(=,,411TO;F') in the present model), needs to be replaced n.presenting the ;ong-range Coulomb forces in their
by [n&(LO;rfl+2f1(TQ;r)]/3, since the LO-TO split- model, to zero.) We use these parameters for GaSh ;,
ting exists in the experimental data for these mode rc wvell, replacing the mass of As with the mass of Sb in the
quencies. With this replaceme.nt in Eq. (CD), we have dynamical matrix. For Ge, using the relation in Eq.

(C1 3). the four parameters a, fl, p (= 0, and ;. were deter-
a -~M~~ /4~M ±M~ ,EiA L; F)±21 2(TO;~1' I ined by fitting&LO )(f(T;r, TOX

(C9) Wl(LO-J) =, ! (LA:X)I, and (TAX) to neutron
scattering data.-5 There is, of course, no distinction be-

The parameters ua, and It, are determined from Eq. tC2) tween anion and cation, and thus we have A.., =4k =4, for
as example.

(C IG)
pc=(Mc/1)flO;X)a/4APPENDIX D: IMINICLUSTER PROBABILIT.'ES

for Mf, >;If, and The probability of occurrente of a five-atom miniclus-
p 1.-.M /1 6)f1(LO;X) -a/4 , ter in which the central atom is a Ga atom on the nominal

(C 11) cation-site, with I Ga atoms, m Sb atomns. and it Ge
/l6)12(L;X) a/4atoms distributed over the four nearest. neighbor nominal

for %M, <MVf. anion sites of the central Ga atom iq

Th4e determination afhe parameters Ya A , ,, and ( P0oc((P .A(PUSbam((P~)a)n (DI1)
[3, using the relations given by Eqs. (Cl) to' iC) depends Suich a cluster of neighbors occurs -Il/C tm !n !) times. The
on the datit i~ailable for each material. In sortie cases, a probabilities of occurrence of various nearest-neighbor
reduction of the number of parameters is necessary, be- clusters were calculated using Eqs. (2,14.0-(2.140., In
cause ol' lack of data., If we assurne a central force operat- caeG atm aralodtocupthnmilain

ing etwen onswe avesites, as in the model using mean-field theory, t! - proba-
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ABSTRACT

The observed chemical trends in 3chottky barrter heights (i.e., the

variation in the barrier height B as a function of the alloy composicton x,

or the dependence of the barrier height on the anion or cation species) are

explained by Fermi-level pinning due to defects. Microscopic calculations of

surface defect levels, rather than phenwmenological arguments, ace presented

to support this viewpoint. We find that the slope of the pinning defect level

as a function of alloy composition (dE/dx) is a signature of the detect type.

In the case of AMXGai.xAs/Au contacts for all compositions x, and for

AL.Gal.As/AZ and MAxGal.xAs/In contacts for large x, the Schottky barrier

heights are attributed to Fermi-level pinning by cation-on-anion-site ancistte

defects (IdEldxl Is large). A.xGai_xAs/AX and AUxGat_,As/In Schottky barriers,

for small x, are attributed to ?ermi-level pinning by anion-on-tie-cation-stte

antisite defects (IdE/dxl is small). This interpretation Is supported by both

detailed calculations and the results of a simple four-atom model.
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I. INTRODUCTION

O i+r the years, there have been many attempts to underitand the obaerved

chemical trends in Schottky barrier heights *B "  the dependence of- hon the

anion or cation epecies, or on the alloy composition x. In the past, such

attempts have had the disadvantage that no fundamental microscopic foundatio-

has- been available. The introduction of Bardeen's concept of Fermi-level

pinning (1] and Spicer's defect model (2-5), however, have provided a general

framework that makes it possible to understand chemical trends in *B from a

microscopic point of view: Since the Schottky bar¢ter height in thA

Fermi-level pinning nodel is approximately equal to the difference between a

band edge (conduction band edge for an n-type; semiconductor and valence band

edge for p-type) and the relevant defect level-(lowest acceptor level for

n-type; highest donor level for p-type), chemical trends in barrier -heights

are explained by the combined chemical trends in band ed;es and-deep" defect

levels at. the semiconductor/metal contact.

Recently we have reported theoretical predictions of Schottky bar er

heights for Au contacts to various ilI-V alloys 16) and for transition-metal

contacts to SixGel_ x alloys 171. The III-V/Au barriers are attributed to

Fermi-level pinning by cation-on-anion-site IlI-V surface antisite defecEs

[6]. The Si.Ge;., barriers are attributed to Fermi-level pinning by

interracial dangling bonds (71. For both systems, 'he theory is in quite good

agreement wi-h the measured barrier heights, with the observed chemical trends

being particularly well described by the theory.
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Here we exteid the simple theory of' Ref, (61 and consider both antisite

de:ects, including the the anion-on-cacion-s.1te ant ite defect .Our principal

I motivation is to compare the, alloy dependences for the Schottky barriers that

result from Fermi-level pinning by the two-different types of antistte

defects. As discussed below, we find that dE/dx is very different for the two

defects in some cases, where E Is a Fermi-level pinning deiect energy level

and x is the alloy composition. This appears to explain the different

dependences -on x of observed barrier heights of AAxGa.xAs with At and In

contacts on the one hand, and with Au-contacts on the other hand,

II. Simple Four-Atom MI
Before giving the results of our detailed calculations -- which employ

the sp3s* model of Vogl et al. 181 for the bulk electronic structure, the

scaled-atomic energy model of Hjalmarson et al. (9] for the impurity

potentials, and the analytic Green's function technique (101 - let us

consider a very simple four-atom model for each i>f the two surface anrisite

defects: the anttsite atom at a surface and its three nearest-neighbors. We

will find thaU this model provides a remarkably good description of the

chemical trends, and tends to increase our faith in the central results of the

much more cbmplicated calculations.

The simple four-atom model can be constructed by first considering a

five-atom model consisting of an antisite impurity in the bulk anJ its four

neighbors, and then cplacing one of the four neighboring atoms by a vacancy

- to simulate the semiconductor surface. In the bulk, an anion or cation

antisite defect is tetrahedrally coordinated, which leads to deen level
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electronic states of AI (s-like)-or T2 (p-like) symmetry. The sya-itry is

reduced at the surface, and the states of A,, and T2, symmetry mix.

A. Bulk anisite Defects

For concreteness, consider the ,.nion-site bulk antisitedefect '(GaAs) in

GaAs. Take as a basis (i) the s- and pi-orbitals of the antisite-defect atoms

Is> and jp> (with energies cs and c ) and (ii) themain-s-like (or

Al-symmetric),and p-like (T2-symmetrci) orbitals of the rest of the solid

without the central atom - namely the A1 and T2 orbitals of a vacancy (with

energies E(AI;v) and E(T2 ;v)). In a model which considers only the de6fect and

Its four neighbors, the vacancy A1 orbital is

1A1;,v> (ID> + 12> + 13> + 10> ')/2,

where4 I> is the inward-directed sp3-hybrid centered on the i-th neighboring

site'[111. Similarly the relevant T2-vacancy orbital is

IT2;v; - (l2) 1/2 ( I> + I2> + 13> -3 14> ).

(2)

The ; orbital of the -intisite impurity only interacts with IA1;v>; and the p

orbital which is polarized toward atom 4 interacts only with IT2;v>. Notice

that the wavefunction is equally distributed among the four hybrids for the

1Al;v> orbital, but is more heavily weighted on hybrid 14> for the IT2;v>

orbital. The model bulk antisite Hamiltonian can be simply written as a direct

sum:
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Hbulk " (0(~ H(T2))
(3)

where we have (in the baiis, IAj;v> and, Is>)

((L E(Al;v) -t(Al)

-t(Al) C, s (4
and (in the basis IT2;v> and 10>)

/ E(T2 ;v) -(2
H(2 -( 2

The vacancy- energies E('Al;v) and E(T2;v) are obtained fr6rt Green's function

calculations (9) of ideal vacancy energies, and are the 4atgenvalues of 11(A1)

and 11(T 2) in the limit of es and ep being infinite 1121, the energies es and

Care determined from atomic energy tables; for example. c~ is 80% of the

ditrence is s-orbital energies of Ga and As for Ga onthe As site in GaAs

[8,91. The coupling parau.-ters t(Al) and t(T2) are obtaifed b fitting

calculated [9) bulk antisite defect levels.

B. Surface antisite Defects

We ncxt change one of the four neighbors ( a t 4 4) sucrOUndlj the

antisite Antu a vaca.acy. This is accompl slwed- by allol'dng the arcisite only to

interact with the a, or a-like molecular orbital, which has no imalitude on

atom 4:

jal> -(/3 IA;;v> + IT2;v> )/2. (6)
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,The surface Hamiltonian of the antisite interacting with only three

neighbors becomes (in a basis Ia,>, Is>, and Ip>)

f c(al)" "tl -t2
Hsurface -ti es  0

-t2  0 S p(7

where t(al) s the self-energy of the remaining three sp3-hybrid orbitals, and

is given by

C(al ) - [3 E(Al;v) + E(T2 ;v)]/4.

(8)

The s and p orbitils of the antisite interact with the remaining sp3-hybrids

with reduced strengths t, - /3 t(A1 )/2 and t2 - t(t2)/2.

In this simple model, the changes due to the surface are contained in th,

facts that (a) the s and p orbitals of the antisite interact with an "average"

hybrid orbital of its neighbors, having "average" energy c(al), and (b) the

strengths of the interaction for the surface are reduced from those of the

bulk. Both effects, in particular (b), can markedly shift the surface antisite

levels from those of Lhe bulk.

The results of this simple model are compared with the full surfaqe

Green's function calculation in Figs. I and 2. For the

cation-on-the-anion-site defect (e.g., GaAs), the model yields only one level

in or very near the band gap - an acceptor level that can prodace Fermi-level

pinning and Schottky barrier fo-maticn for an n-type semicon'uctor. The

detailed calculations (6) also produce only a single prominent level In the

band gap for this defect - again an acceptor level. When the results of the
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Anion-Site Antisite Defects

AlAs GaAs GaP InP

2.0 Q

1.0\

0.0 -

Fig. 1. Predictions of simple four-atom model for acceotor levels
assoctated with cation-on-anion-site antisite defects (open circles) compared
with predictions of detailed calculations (open 3quares) (6].
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Cation-Site Antisite Defects

AlAs GaAs GaP InP AlAs GaAs GaP InP

2.0-

. 0 -

.0- \4/U

0.0-

Model I Model z

Fig. 2. Predictions of simple four-atom model for acceptor and donor
levels associated with anion-on-cation-site antisite defects (circles)
compared with predictions of detailed calculations (squares) [61. Open circles
and square.; are acceptor levels (empty for neutral dcfact), and solid circles
and squaree are donor levels (filled for neutral defect). "Model 2" represents
the "exact" calculacton for the four-atom model, and "odel 1" represents a
calculation in which the indirect coupling between s-orbital and dangling-bond
p-orbital on the defect site is neglected. (See text.)



CHEMICAL TRENDS OF SCHOTTKY BARRIERS 47

simple model (open circles) and detailed calculations (open squares) are

compared in Fig. 1, it can be seen that the chemical trends are in remarkably

good agreement.

A similar cbmparison for the other antisite, the anion-on-the-catioc,.site

defect, is shown in ?1g. 2. As described above, two versions of the simple

model were used: In "model I," the 3x3 problem of Eq. (7) was artificially

decoupled to yield the two 2x2 problems of Eqs, (4) and (5). This amounts to

neglecting the indirect interaction between the defect-site s-orbital and

dangling-bond p-orbital via the direct interaction of each of these orbitals

with neighboring orbitals on the adjacent anion atoms. (See Eq. (7).) In

"model 2," the full 3x3 problem is solved. In both models, one acceptor level

and one donor level are produced in (or very near) the band gap. (The "better"

model, model 1, gives the "worse" results because of the hybridization of

s-orbital and dangling-bond p-orbital on the antisite defect; this is not the

relevant point, however.) As can ')e seen in Fig. 2, either of these versions

of the simple 4-atom mQdel (open and solid circles) yields chemical trends

almost identical to those of tbe detailed calculations (open and closed

squares).

The agreement between the simple models of both defects and the detailed

calculations indicates that both approaches provide a reliable description of

the chemical trends. It also indicates that these trends have a simple

physical origin, princtrally involving the dangling-bond p-orbital for tha

anion-site defect (e.g., GaAs) and both the s-orbital and dangling-bond

p-orbital for the cation-site defect (e.g., ASGa).
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a,
.0

Ga As Theory

1.04-I

I..
0.0 uE

AlAs GaAs GaP inP inAs GaAs

Fig. 3. Predictions of dttailed ualculations for the cation-on-anion-site
defect (eig., Ga A.) and the anton-on-cation-site defect (e.g., AsG) at
relaxed (110) surfaces of IlI-V semiconductors and their alloys. Only the
acceptor levels, relevant to Fermi-level pinnings on n-type semtconduct-irs,
are shown. For AtLGal ,As, note that the slope of the acceptor level (dE/dx)
is large for the cation-on-the-anion-site defect and small for the
anion-on-the-cation-site defect. The experimental data for Au contacts to
various alloys, and At and In contacts to Ax.xGal-xAS, are also shown.
(References to the experimental papers are given in Refs. (3) and [6). We
attribute the data for Au contacts and for Al contacts to AL-rich AIGa._As,
to Fermi-level pinning by the cation-on-the-anion-site antisite defect. The
anion-on-cation-site defe,t is identified as responsible for pinning the Fermi
level at In and A1 contacts to Ga-rich AtxGai-xAs. These results indicate that
the slope of the Fermi-level pinning position as a function of alloy
composition (dE/dx) can serve as a signature of the defect type. Thi
conduction band edge is denoted Ec ,
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In Fig. 3, ie show predictions of our detailed calculations for several

EI-V alloys, compared with Qxperimental Fermi-level pinning positions

inferred from measurements of Schottky barriers and MOS

(metal-oxygen-semiconductor) structures. (The sources of the expecimental data

are cited in Ref. 161 and the review of 'Onch (31.) For Au contacts to all

alloys, the data appear to be well described by the cation-on-anion-sitc

defect level (e.g., aAs). This defect state is cation dangling-bond-like in

character and draws its strength mainly from the conduction band. Hence its

energy changes considerably as the alloy composition varies.

The data for In and At for small x in ALtGa 1-xAs however show only a

modest change with alloy composition. In fact, Al appears to produce a kink in

the Fermi-level pinning position as a function of x. The defect model readily

explains this behavior in terms of a "switching" of the dominant defect from

the cation-on-anion-site defect (e.g., GaAs) for large x to the

anion-on-cation-site defect (e.g., AsGa) for small x. The anion-on-cation-site

defect level has anion dangling-bond character, is valence-band-like, and

hence shows little changi as the alloy composition x varies.

1I1. SUMMARY

Thus the simple picture of Fermi-level pinning by deep energy levels

associated with defects accounts for the chemical trends in the Schoteky

barrier data. Indeed, the essential physics is contained in the simple

four-atom model which, in a hybrid basis, can be easily evaluated.

We thank the Office of Naval Research (Contract Nos.
NOO14-84-K-0352 and N00014-82-K-0447) for their generous
support.
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A theory of sp .bonded substitutional deep impurity levels in periodic A', X,
GaAs/AI* 4Ga 1-,As superlattiecs predicts that as the thickness t(GaAs) of' each GaAN layer is re-
duced below a critical vle( 17 A or N, :S 6 for x =0. 7t common shallow donor impurities such
as Si cease donating electrons to the conduction band and inistead become deep traps This happens
because the deep levels associated with point defects in either GaAs or Al,, Ga1 ,As layers C" h~en
measured relative to the valence-band maximum of GaAs) are much less sensitive tit changes of thle
alloy composition or layer thieknesses or thle superluttice than the muperlattice b;.nd edges. pirticu-
larly thle conduction-band edge. For sonr compositions x. dopants such as Si art: hallow diliwrs in)
NX.Y GaAs/AlGa1 ,As superlattices btut deep traps in Al,, ,a_.,.A alloy Ithe ailloy ob-
tained ly disorderin3 the stiperlattict. The band gap and band edges of the uperlattlc, and hencue
thle ionization energies or deep levels. depend strongly onl thle layer thickness iiGaAs) but only weaUk-
ly onl 11AlGat.,Ast. The T - and .1 -derived acep levels ior the bulk point group l's) are spit' and
shifted, respectively, near a GuAs/AI, Gal-,,As interface, the p-like T, level splits into an a.i.
like)l k'el. a bi [(p, +p J.-like] level, and a li, [(p, -p).like) level of tile point group for any gei.eral
superlattice site tC..r), whereas tile s-like el bulk level becomes an a, (s-likel level of C.,,. Thle or-
der of magnitude of the shifts and splittings of deep le'els at a G7aAs/AIGal-,,As interface is 0.1
eV. depends on x, and becomes very small for impurities more than about three atomic planes ai"vq
fromt anl interface. Deep !evels in the GaA., quantum wells experienve level shifts dLU to 1:1 penetra-

It tion of their w~ave runctions into the more elect roposi ti ve Al, Gal ., As layers. 6;, the hand offset,
and (iii) qupinum vonfinentent. Thle cation vacancy, w~hen brought close to at GaAU.AI, Ga. ,As
interface, may undergo a shallow-deep transition. These predictions are based on a periodic su-
perslab calculation for unit suiperslabs with total thickness itGaAs1+tlAl 4Ga 1_,As) as large as, 102
A or N, +N. = 36 two-atom-thick layers. The Hiamiltonian is a tight-binding model in ai iivrid
hasis that is u generalizti of thle Vogl model and properly accounts for the nature of interfac.al
,ionds. The deep levels art: computed by using the tlieor of H-julmarson el al. and tile special-
points nmethod. Our results indicate that some normnally shallowv donors, such as Si can beconim
deep levels at cer, -an sites in the superlattice : result of local fluctuations in alloy composition x
or layer thickness tGaAs).

1. INTRODUCION theory of impurity levels in superlattic-s and !it istruc-
lures is neede.d to un.!erstand flhe condttions under which

Modulation doping of GaAs/Al.,Gai-,As stiperlat- a specific impurity prodiuces shallow donor levels and
tices,1t 2 by which Si impurities are inserted into the "dopes" the semiconductor %erstis thle conditions for
large-band-gap AI.,G'aj.,As layers of a superlattice but deep-trap formation asnd the trapping of carriers. That is
donate their el-'ctrons to the small-ba-id-gap GaAs, layers, the purpose of this paper. Das Sarnira and Madhlukart14

has already played a role in the dL'elopment of high- have previousl% discussed the d'-c le~eis of %ac'ncies in
speed Ill-V-compound semiconductive devices. Howvev- some superlattties, but, to our oslue thle present
er, practical devices ba~ed on AlXGu, -,As often are lim- %%ork is onle of tile first sysicnati. studies of the cnn'eal
ited to alloy composition,: x < 0. 3because of the inabilit% trends of deep itiutrit% le-.els in superlatt'ces. " 'We
of Si to dope n type for x > 0. 3, -'apparently because of do knio%% that Hjalmarson,'" Nels, n1 w' al.," and Lannoo
the formation of Si-related centers that are deep and Bourgoin' are siud~iiig dec1. le~cl in parallel %ith
traps.' Furthermore, sonmc devices, such as HEIT's our effort, ho%%exer. dilthi.ug-h %% . are not full% aware of
thigh-eleetron-mobility transistors) operate using the current statte of th-eir %ork. This is also the fi:-st treat-
quantum-well -ruetures' 2  at or near GaAs/ nient of defects in lal ge-la~er superlattices. %% :onsider
Al4 Ga1 - ,As interilice-, and thle performatnce of tile%%: de- tunit supercell'. t~ piieaII - atomic la-s thick. Tile
%ices depends on the doping e~. b% Sit. thle allo\ compo- tlieor\ de\elaped here is ,it cm.ensioil to su Pei latt1Ices of
sition x. and the supe.H.:-tice struicture." Clearl\, a the theor\ of I-I j.±miarson ei al. 2" of dtcp impurit\ levels
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inth buk, b which h]tis, essfully peedsted:deep-levels. an AS atodithe ,an-ya.x6are iented.,siuhhat afidither, wavf unctions,., neighboring dation is-tt- ( ., , .: )q.,'whe'€a is tlejattice.

.consiint.r. '"eah -,site-th er a'e s"sp " basis orbitals
I.FOR.MALiSM nLvi: 'where 'i:'s' ,, ., .', or, . an

1-0-,2, .. 2N I+2N.- I. From these -basis, orb (ils
A. Host Hamiltonlan we formt the sp'Vhbrid: orbitals at each site R (L,vl 3).-

We treat a-periodic OaAs/Al*O% As supcrlaUice The ybrid orbitals are,

whose layers are perpendicular to the [0O1] direction. !ih1,R)= is,R)+,Mp,,.R)+;',p.,., R)--, p:,R)]I2
We employ a nearest-neighbor.tighi-binding Hamiltonan
with an s'sp" basis of'five orbitals at each site. Our IIh,R)( IsiR)+,P,R1 ).,.R) -;p:.,R)/2,
Hamiltonin, inthe lim-, x =0,is identical to-the VoglI )[, -. ,R)Ri-;.p )]/2
model for GaAs. Some differences are introduced be. ... :-

,cause of the- superlattice, -which we treat using a su- and
perh ilixor supercell method.. The superlattice we con-

,sider has N, two-atow-thick layers of GaAs and&N,.two. fh,4 RN Is,R)-, Ip.R)-, pR+. :p:,R]12,
atom-thick layers of AlGa .. As repealed pcriodically (1)
the GaAs and Al,Gal,,As are assumed to, be jerfectly
lattice matched. We denote- thissuperlattice either as a where 4 + I f-I) for atoms at anion -(cation)- sites.
(GaAs),V,/(Al, Gal,,As),v., superlattice, or -as a Next, we introduce the label iy', h1:, h:+ 1 -or h, and
GaAsAlAIGal.,As superlattice with N, GaAs layers our hybrid basis orbitals are IvR), ln-trms ofthese or-
and N, AIAGat,.AAs layers, or as an N, X,, bitals we form the-tight-binding orbitals-
;GaAs/Al-Gal_,As-superlattice,

We first define (for the case x = 1) a-superhelix or su. p -
percell as a helical string with axis aligned along the 1001] L
or : direction consisting of 2N1 + 2NA adjacently bonded where k is (in a reduced-zone scheme) any wave vector of
atoms As, Ga, As, Ga, As, . , Ga, Asi Al. As, Al, As, the minizone or (in'an ext;:'ided-zo'e'sch:nc any wave
Al, ... , As, Al. (For x 1. replace Al, by Al,,GaI _,. ) vector of the zinc-blende Brillouin zone. Here, X' is tie
The center of this helix is at L and each of the atoms number of supercells.
of the helix is at position L+vaj (for -9 The minizone wave vector is a g,,od qu:ntum'number,
- .-. , ,. ,2NI + 2.N,- I). A iiperslab of and so the tight-binding Hamiltoni;n is diagonal in k.
'GaAs/AlGal ,As consists of all such helices with the Evaluation of. the matrix elements t%,j3,k H v'.IY-k)
same value of L: and.all possible different values of L. leads to a tight-bindin- Hamiltonian of the block-
and L. ,-and the superlattice is a stacked array of these -tridiagonul form. For different f-and IT, the first three
superslabs. If the origin of coordinates is taken to be at rows of block matrices are

M(00) M(0,1) 0 ... ...... 0 R(0,2.V,2X2 -)

H(Ol) H(1,l) H-(1,2) 0 0 0 0

0 H*(1,2) H(2,2) H(2,3) 0 -" 0 0 (3)

The last row of blocks is

IJ*(0,2N'+2N,-I) 0 0 0 H*(2N -2N -2;2.V1-,-2NX- I) (4)2.V%2.V-- '.. , \2,- J 1 )

Here, H (/3,j3} depends on k and is given in terms of vari- where
ous 5X5 matrices for differen r'and V.

The diagonal (in f3j 5 x 5 mat. ix. Ht 3,13i at site 13, is )/4 (6)

C. 0 -0 -0 0 j is the hybrid eiiergy, and

0 ,, 7' T T (7)

HtA/;.3)=v,j3,k'H v'./3,k'= 0 T c;. T T.

0 T T c;, T - the hybrid-hybrid inieration: the energies ,.. c;. and
"Ti;: if !.131 refer to le :ioni ct -the /3th site. and may bu0 T T Tr;" " I" ' , ".,'d from the enercies w t,bia!:t ed 'V Vogl vt ati.2

151 To t.otnt for the obser,'\e,: *e. n I; ... -
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'addedtodp a,, end'siafof -i N'meats' (vj-k:6;v,1'ka e -i: 'Al'- i..As; tihis Ojstant -is ad& The,' offdingofia[ miitrix- .-efens Q
juste&d tb., give- the 'vdlenqe-bahd Maximum of -or l(,)aebest expressed in terms ofniatfix elements

Il., G at _Asbeldw,.the vaileice-bundhria~i um 6 of G aAs ofF! be iween.sm*. s, and p'o rb i 's.. Th is: i sacc m pl"It'
y32% of th irect-btiid&,ap diierenee in the limit byt rasomio

where we have the svp tigh t-bindi ng'fuinct ions,

-LM

anid the5 SXSmiurices C(%-u ;fl) are
so S AX' Py P

1 0 0 0, 0
.I11 0,4 +X/2 +X/2 +X'

C(v~n /3)ih, 0 + +d X/2 -X/2 (10)k/

0 4,0 "4/2 +4/2 /2

f .1.-)/2 -/2+/J

'Where X"' I (- I )i 3refers to an union (cadon).
There re several distiictcoses foe which the off-diagonal'(in fi) matrix elements.(i,fl~k H~ ni',1Yk) are nonzero,

* (or POP3).

1. intramaterlal matrix etements

lT13 and 13 both refer to nearest-neighbor sites in the same material (either the GaAs Or, the Al, Gal -,,cAs), we have
(assuming 13 ard'(3' are in material number -I,,the GuAs), for examnplec,

(n,ft, k 1 -11 I1 q, k) =4 H , 1.1)

if#1 refers to a cat iortand /3' refers to an anion. 11 iiis a 5X~5 matrix whose rows and columns are labeled by it, which
rages over the -values s*, s, p.,, p., and-p... Similarly, we have matrix elements J4,ad Teemti

elemnents are.

0 0 -V(sc~a~c,pa)g~ pa g -V(sc,pa)&*,,

o Y(ss)g;,. - I'(sc.-pa)g *0  - V(s,pa)g ~ - (sc~pa)gL~

Ha=- V(sa-P~1,C'g ' YV~,pc)g *1 'VK,x)gL V(X,Y)gL V(x,y)g (12)

V(s *a,pc)g *,, Visa,pc~g ' V(x~ )gL V(x,X )gL V(x,y)g i"

V(s *a,pc)go*, V'(sa,pc~gu*,, V(x,y)g ~ V(x,y)g *C, V(X,x)gk"

and

0 0 V(s'a,p~g,,, V(sa.pc)g,,, Ms V*a,pc)gw,

0 V(s~s)g 1 ., V(sa.pc~g1  -J(sapc)g~ V(sa,pg,

H,,1  I -'(sc,pa)g., -V(sc,pa)gl., V(x .x Jg(,,( - x O(vvgo. V(x,y)g. 1. -(03)
.V~sc,pa )g l. J'(sc,pu )g P I's x.y)g~k. V(X,X g(M V(X,Y)g I.

V(s~c,pa)g,,, V(sc,pa)gL, -' Vx.y)g *1 V(x,yg. VRXX)g 11 ,,

All of-the matrix elements-Vare those tabul:t:ed by Vogl et al.~ for material number I i' iz., GaAs). Identieal expres-
sions exist for H,, 2and If2,2 with Al.,Gal - As mnatrix elements. (Thie AIGal As maitrix elements are obtained by
a virtual-crystal average of the Vogl matrix elements for-AlAs atnd-GaAs. x times the-corresponding AlAs-matrix ele-
meats plus- I -x times the GaAs ma*-ix elements.)



2.' Intermdat~rhalarix Oernnts

At -he-interface betWeen GaAsap-d-Al,,Ga1 -,As .there will~be nonzero matrixelements of H for each bond-between
nearest neighbors. Thcse~e-H 2 ,1 aiid-H,,2,0i:

0 0 V(SsQO,pc)g 1 ., -V(s*a,pc)g,,, -V(Sa'PC)go".
o V(so-)go V(sa,pc)g, V(sa,pc~g -'-"fsa,pc)g,

Ha.,='- V(sc'pa )g111, -'V(sc,pa)g 0 c V(X,X)goac -- V(x'y)g0 "' - V(X,Y)g, ~ (14)

V(s "c,pa )g ,,, V(sc,pa )g ,- V(x,y)g)0,, V,(x,x )g0o,, V"(xo')g

V(s *c,pa )g0,,. V(sc,pa)g00, - V(xjy)g1 ~ V(x,y)g1~

and

o 0 -~ * JIa~ 1(s *c,pa)g'1'Q, V(sc~pa)g;,

o V(s,s)go 0* - V(SC'Pa)g V(sc'pa)g * Vtc10)g~

- V(s 'a,pc)g l, - V(sa,pc)g l,. - V(x,y)g(*), V(x,x )g;" lV(x~y)g *lu

- V(sa,pc~g - J'(sa,pc)g&,, - Kvx,y)g l. 1(x,y,)g l Vx*"gO

Hen. the Vogl matrix e~ements are those for the bond in secular equation for the deep-level enei D~ E.
question: If the cation is Al.,Gai... and the anion is As, dl . E 1
then the matrix element is the Al.,,Gal-.,,As matrix cie- e.-GEV
ment obtained by a virtual-crystal average of the AlAsf .f . 1
and GaAs values. We also have =0=det IlIPJ 18tE'-H) E -E' IJdE'j 1 (17)

go,,,=exp(ik'd 1)+exp(ik-d 4) Here, 1J'is the defect potential matrix, .0 wvhich is zero ex-

g1, 0=exp~ik-d1)-ex,1Uk-d4) ,cept at the defect site and diagonal on that site,
(0, V", v' , ,, J'), in thle Vogl S *SP local basis centered

g~~expik~~)+xp~k~d) 'on each atom. WVe also have G =I E -H)I where H is
and thle host tight-binding Hamiltozian operator. The spec-

tral density operator is S(E'-H) arid 1P denotes the
g1,,,=exp~ik-d,)-exp(ik-d3) , (16) principal-value integral over all energies. In thle funda-

mental band gap of the superlattice, G i real.
wvhere we have 4 d:1aL=(l,l,l), (l,-L,-l, and
(-1, 1 -I1), and ' -1, -l1.l) for = 1, 2,3, and 4, respec-
tively. Here, a,. is thle room-temperature lattice constant 1. Poin!.group analysis

of Ga-As .3 29 hc v sum seult hto A substitutional point defect in either bulk GaAs or
AGaX bl I~a-s.ha erherl(Td on-gopsm

In this work wve study deep impurity levels in superhel- bulky A(asn as vietrahedryal ap)poitop sym-
ices as large as N, +N, =20; that is, in 40-atom-thick su- mty(suiga~ita-rsa prxmto ~
perslabs9. The dimension of the Hamiltonian matrix at Ais Gne .~s-l .4 E)ah sch srp-oded eet nomlTly)
each v'ac of k is 5(2N, + 2X0), because there are five hsons-ie()anoe rp-deereplkeTi
orbitals per site. We diagonalize this Hamiltonian nu- deep defect level near the fundamental ha' J gap. If we

mercalv oreah (pc--al oit)k, finding its eigenvalues imagine breaking the sN mmezry of bt~k GaAs b\ making
meriall foreac (spcia poit) t into a GaAs/GaAs superlattice along thle f0.ji] direc-E.2 .k and the projections of the eigenvectors I 1,,k) on

the Iv,f,k) hybrid basis: (v'f3,k I rk) Here, y' is the tion, wye reduce the T,1 symmetry to D,, If. in addition,
band index (and ranges from I to 200 for N , = 10' we change alternating slabs of GaAs to virtual-crystal
and k lies within the mini-Brillouin zone in a reduced- A-.a 1 ,As, forming a GaAs/AlGGa 1 - ,As superlat-

Briloui zoe ~ tice. then thle point-group symmetry of a general substitu-
exedzone schem. rwihi e asm tatGaAsan tionai defect is C,,.. (For selected mtes. ea.at thle center
extended-zone scemfe.tl (Wie-asuehat Gasan of a material. thle svmntctrv can he hichet., Note that the

Al~a 1~s ae prfetlylaticemathed 2~C. symmtr% we ind diflers ;ron that~ v- Ref. 14. In the

B. Deep levels GaAs/AlGal -,,As superlattice thle I I and T, deep lev-
els )f the bulk GaAs or Al, Gal A,, produce two a~ I ev-

The theor) of deep lvoe!b i!, based onl the Gree'.,- els one -ik.deri'ed fromn the .!, L'el, and one T.-
funk';on theor\ of Hjakln1irson ea al.,2" \%hi,:h sol~es th. deri'ed P_-like), one b, le, e [p p, -liel and one
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.levl:[p -Jikej. -Of course,, for impe.'-ics far from a 2. Secular equations

'Ga~~~~~~~~~~4 lsArG1 A.m ii -iea-evel l an-
an nerv ser'Lkh- ~..~heerer~ ofa b~l A1 levl, nd The secular equation..Eq. I !-; is reduced bYsyvretry

th -ilea 1 levei and&the b. -and bi. levels will lie close to the following three equations:
t.in;- bulk , eveI also. WVe normally-expect- to find the

T-i-deri-;M a, level between-the-b, and b levels. but iF G(bi:E)=VF'1 foi.-b1 levels f 1l8)
ife-leve1 Iies-cdose-to the valence-band maximun. thtn
i- sv~itine of the ivaleic.'-oand edge into a (p. p. 1- -r.b,1:E)-v;-2  -for b. levels. '19)
ind p liie maximum 'with a p -like edge at -Aightlyr --

-I'wer cInrsv abeca use o the smallr effective mass) may aiid

-cause the a, dee le-.c to tie low~rinnr
0' t;an the b,

.ind h, 1ees by a cLamparable energy[see Eq. 117)). Note GssEV-I G.;EV

interface-and i :--onsequence~ofzthe--differeiit host spec- dp--EV z ' _- '

1ral! -;enisities in-the- supurldttiee T&--a, and b%~ and b,
Styles;-- for a-, levels, wvhere we have

G-b4(EE-E= k)

2(E -4(E-E12)

G~s~zE)= ~(I/, yk-h,/3;,k Iyk) +(h ,/3; 1)(h 4,3,k I illk 0

k-(z ,'k yk(h,,'J,jy7k) -(h.,/t,,k ,k)+(h4,/3,- .0.1l4E-;.)'- 2S

Hee.G(z ;E) i heIer7 i ancnuaeo GszE_7n (11-;) o ( ±N (4)

yildn [~ (h k]) k;V ) an (h,, vaue of pont (or bul k)+(h4k Gay, 0wc ] re k4ow to giv anWd)

erea G;,s) ithe Heermictia cojuati lmnsV utl uae bul Green's) functi;L ado. Hwe.vr,1 orth
and 1; arte e othedefucin ah sigh tmoicatio of tge G anaGa s/As siperlatice, 2seiale poeirtsixr

Fjmor ch.3th .prlach. t Gorn's fnc=Othere, aeqs nete ss b ece ot ductd of sufmet from give

40tpossbl 3 idte /, ecah w ifour(1 r'levant-adep slvels: toe Csarme a sGacyas tod~' Gas~and ns.nspca

two a,, one b 1, and one b,; thus there are 160 levels.

3. Special poinis l.REUT

For our studies of deep levels in the band gaps of su- A. Host band gap
perlattices, we consider only superlattices such that Our calculations produce E-.k tht, suelatic bd
(.Vi -N,)14 is in inteetr. In such cases tlie-sum-, over k stutre nluigth ad-;p whic eiipts ani*
in Eqs. (2l)-(25) can be performed using 12 special points trcure, includsing thabiodgaps whhicesbis af t-e
k =(- /4a/.)u, where we have the value u and the weight tiarslybs nteresn eavior aswhe thick65nAesso theGaV slbs eachPN~,/ specire Point65 Aw " is,3the1w 0! eac speial ointI u:w iI J731 ~. ~ 531 lattice constanti ot 'UnJAsl. or the number of GaAs lasers.

(7,11: ~w3 14)(3 - ~ . 1.1.1 . 7.3. 1: . b ecomes small in comparison with the thicknless.
-5.3. 7. 1, - 1: 31 r -. 1:~ 7. 1- l~a "AJ.~a or the number of lavers. .
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of A1IGal-.,As-slabs: Th ml-adg~ aslayers, -siierlatiices: the superlait~ces wvill be indirect-kbhd-eUp
become qutantum wells surrounded byv 1Jaife-band-gap maierials. and Jieide wiLbe' poor Ldndid'aes; for i~gtw
Al 1Ga,,As (Fig. ). As.a -result, the band-geap or the su- emitting- devices. For , in -i- 2; -the 'band gap is
perlattice increase-. from -the GaAs band -gau toward the direct and the-superlatt;ce conducticfwband minimum is
Al Gat -.,As band gap as '.'V Udecreases Moir N, large). at -r. althoughl This minimumn-is deriied'frorn the X-point-
(Quaitiatively similar results for smaller, X. ±'N super- -of the Al0 -,Ga1 :As band structure,- and so ore should e~i-
lattices have been reported by Schulman and-McGill for pect the direct iransitions associated with it-to be weaker
GaAs/AlAs supcr!attices.- 4 This is dernonstrair-d by than those associated with tile -GaAs F minimium for
the calculated results-of Figs. 2 and-3. The band gap-was N I > 8. fo r exa10!e
taken to be the smallest gap found at one of thle following The band gap is somewhat-more sensitive to changes-of
k =(2-../aL )S poin., of the mini-Brillouin-zonc: the GaAs layer thickness than to changzes in1 the
S=(010.0), (0,0,711. lt t,.,40) (1.0,-i. and (1.0.0). Ak.Gal -.,As layer thickaie-s. as 'demonst rated in -Fig. 3.
where we have 7=(N 1 -. Y)i For N, large, the gap This sensitivity of the superlattice band-gao to the GaAs
was invariably at k =rF=10,0,0), but for small X, and layer thickness is impor-tant- for the physics of deep levels
large x !somewhat larger than 0.3) it was somet"nes in sunerlattices because. as we shall see below, the deep
fc._,nd at S(,,-)or (1-,1.0). For example, in Fig. 2 level.~ have energies relative to the GaAs valence-band-

we se te rsult fo N,>sN:Ga~/Al 7 Ga :A suer- maximum that vary relatively little with-the thickness of
latte~:the alece-bnd ~imu isat Fandthe the GaAs layers. Hence a deep -level that is near- thle

conduction-band minimum for thick GaAs !ayers conduction-band edge but wv:hin the gap in a GaAs
(N, S) is also at r. However, for thinner layers quantum well canl be "covered up" and-autoionizecl by

(2 N, SI he avevecor f te sperattce the conduct ion-band edg-e when the GaAs laver thickne%
condctin-brn!minmumis t (.. ~t (~.,0)andthe is increasd and the conduct ion-band edge descends in
supeiaticestaes ssoiate wih tis minmumare energy, while the deep level remains at a relatively con-
supelaticestaes ssoiatd wth hisminmumare stant energy ti-ig. 41. Here it is important to remember

largeiy derived from GaAs conduction-band states from thtw0s h e eiiino de~lvl"a n
near the L ,oint, (2-,r/aLi, 4 +, of the bulk Brillouin that originates from the perturbation caused by thle
zone. This is the case-because the L point in the bulk, central-cell potential. (This contrasts with the old
(2 r/aL)(+,2,1), is the sum of (2-,r/a1,)(,2~,0) -and definition as a level that lies within thle band gap by at

12 '~' 2 )(2A) n h ul on 2 ra t,,)cre le-ast 0.1 eV.) As a result there are "deep resonances"
sponds to r=(0.0,0) 11 tilL supcrlattice Brillouin zone for tha:, lie in the conduction band. Ibo~e the band gap. We
IV, +X, even. In thle thinnest superlattices, N, z:I, the shall %, belo%% that Si in GaAs. although producing only
AlGa1 ... As X point, (2./001001), is reflected in thle shall, w levels in the band gap A'bulk GaAs (i.e., its deep
super: ittice conduct~on-band minlimum. Thcse levels are all resonances that lie in thle conduction band)
conduction-band ininimia away from tiie r point of th~e is a candidate for producing a deep level in the band gap
superlattice Brillouin zone have severe consequences for of a GaAs/Al.,Ga1 ... As superiattice, in the GaAs
the optical properties of small-period GaAs,/Alu,7Gao.,,As quantumn-well limit. For neutral Si this le~el, w~hen in the

18 x18 2x34

2.0-

1.8-SG Si G

1.6 if

> 1.4 TII~ E 0 (Al 0 Go0 As) Egp(SL) Egap(GaAs) E 0 (S L)

0.0;

-0.2

(a) b)

MIG. 1. 1 llus:rat mpg the- uanit uni-Nell effevi oi tile h arid camp of an Ni0 d . - N. GaAs/A 1. -Ga. As stipeitii li,-: fa,
A 1\. 1 rid b') .% , = 2 -.% '= 1 hie ho aid L e of* "the simperla i s a, cl dvioted b\ 1 1. ilied hu Ies. I h Ii k \ onmpo.i Iioil het

.Nu perla I iice gap1 IS I id IaI CL I for %caSe hP. %% Ii 1 lie C011dlaL flKIJ Cia~~ad dge Mt k 2r .-. .0 1. Not e i1 hi i okcene irg.~~Le The
zero oh' energy is tle maxic-..dIinum an a .Jg1.%.
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N'xN 2  GaAs/Al 0.7G' As
C . .. al GaAs /Alo3G 0.7 A s'8M0.1oX a, 2.2Z.O[ x =I~)O - 22 03 0

CondJction ohnd edge 2(i;2.O)1-6L -. ,"...(0.0.01

I: Na" " ' -L > 2,.0 N lO>' "i.6 ': 2 0-N O, .= '-'"- .-... " "" r,Ga" c t '*(s*

> L GaAs=1

( o°{bulk 6oAs) 1° .8 ( 0*'°' -" 
"

r~ cl o ~ o

0. r--- GaAs W '

-0.2 V.:lence band edge N =10

Go,. As GaAs [0.0,0)
-0 4 ' ; : * , .f. . . . . I= I I I r I -, I , I

-0 5 20 15 20 0 "2 4 6 8 I0
Number of GaAs layers N,

(b) GaAs/A 0 .7Goa0 .3 As
FIG. 2. Predicted energies (in eV) of the superlattice 2.2- 10

conduction-band mifuima in(, valence-band maximum with
respect to the valence-band maximum of bulk GaAs for a

'J~A/l~a. 5 s[0011 supierlattice vs reduced layer t ~ (L)£ (0,0.0)

thicknesses N, and A', for various N, x.V' (001] 2.0 (,,0
GaAs/Ail'Gal ,As superlat-ices, with x=0.7 and .Vl+.,
fixed to be 20. The calcultFoins are based on the low- CIL

-temperature band structures.of GaAs and AlI1 GaoAs, with I 1.8- ,'iO
bulk band gaps of 1.55 and 2.22 eV, respectively. The -
conduction-band minimum of the superlattice is at N,: 10 - 'O,,O

(2 -r/aL 1( -, .0) for the triangular points, at k=0 for the circles, 1.6-
and at (2 r/al)(10,0) fot the rectangle. The superlattice
valence-band maximum is at k=0. Note the broken scale on I
the ordinate. The positions of the band extrema of bulk GaAs 0 2 4 6 8 10
at r, L, and X are shown 6n the right of the figure, at N, = 20. N, or N 2

FIG. 3. Predicted fundamental energy band gaps EPP at
fundamental band gap, will be occupied by one electron. k=0 (circles) and k=(2r,/aL)(1, 0) (triangles) of a
When the GaAs layer thickness increases, this level is (GaAs)\, 1AI5Ga,_,As),\, superlattice as functions of reduced
covered up by the falling conduction-band edge and be- GaAs layer thickness N, or AlGa,-,As layer thickness N. for
comes a resonance. The electron in the resonant level is (a) x =0,3 and tb) x =0.7. Note that the variation of the gap
autoionized and relaxes (e.g., by phonon emission) to the with decreasing S, from, say, S to 4, is less than the variation
conduction-band edge where it is a shallow donor elec- associated \v:th changing N, from 8 !o 4, Note also that the
tron, Jonated by the Si. (In the present theory, \vhich k =0 conduction-band extremum of the superlattice in (b) is de-
neglects the long-ranged Coulomb potential of the doifor, ried from. the X poin' of the Al,0.-GaO.,As band structure for
the binding energy of ashallo,,v donor is zero; ifi-a more N, <4 and from the r point of the GaAs band structure for
complete theory, the (Coulomb-potential would triip this N, > 4.
electron at zero temperature in a hydrogenic orbit.) A
gratifying feature of the band-gap calculation-is that we
obtain for N, =N,= 1 a fundamental gap of 2.11 eV for a
GaAs/AlAs superlattice, in good agreement with the gy, and so one must not use the.theory in a futile attempt

measured value of Ref. 35. to predict absolute energy levels with high precision.
Rather, the theory should be employed to understand the

B. Defect levels chemical trends in the deep energy levels, to study quali-
tative changes in level structures (such as a deep reso-

The substitutional dfect energy levels for p '-bond,'d nance descending into the fundamental band gap-thc
impurities can ie evaluated using the technique.,, of Hjul- shallow-deep transition), or to suggest experiments for
marson et al., ' ° as described above for superlattices. testing hypotheses about impurity states. One of the
When ;nterpreting the predictions, one should remember reasons that the Hjaltnarson model'" has been so success-
that the absolute cnergy levels predicted b,, this theory ful is that the tight-binding Hamiltonian- has been con-
have a theoretical uncertainty of a few tenths of an eV. structed with manifest chemical trends in its parameters,
This is, of course, comparable with the uncertainties of following ideas developed originall. by Harrison. ' " Ear-
the other sophisticated theories of deep levels that have lier theories sometimes obtained tight-binding parameters
been presented to date. Nevertheless, the theoretik.al b. performing least-squares fits to the band strutures of
uncertaint. is a significant fraction of the band-gap ener- the senmi,.ondu1.tors being ,tudied. Such fits. %% hile ha% ing



ciyef~nib ssiv6baid~structurcs, oftenmackedrthe esseni- AltGiLs laver is a dhpiiuiy ot, a shallo~v
-tial',chemistry -that., deterxniiijes deep Ievels, aiid;,-as a rt dn .,ad-terdiedsal%-die tran-sitionI fot-Si

sut hoete-ishaen- be -ssucrcessful-a the, ii aGaAs laver as.a functiofi. of, G.aAs. lavyr thickness
JHjairnarson theorfy. Indeed, because -the, Hamiltonian should occur~.
employed in the Hjalmarson- theory has mnanifest- chemi- b&c use of unc;ertainties In thctheiry. we captiotesti-
-cal'trends-and also has (by construction) the correct band mate withk precision- the laN er -thickness N I at wvhich, the
gaps, the, HjalmarsoN, method is- comparably accurate Si level i'i ,GaAs should undergo the shallow-deep transi-
wvith far more cumbersome pseudopotential theories of !ion. Based on-the 'eneal strucueo h cre fFg
deep levels. ~ ,it probably occurs for A'1  6 and a, GaAs laver~ thick-

ness of order 17 A or less.
1. Dependence on layer thickness A similar analysis can be made of the behavior of- other

Figure 4 displays the dependence on GaAs reduced
layer thickness NI of the deep Ga-site A I level of a Si im- S epsalwtasto
purity 3' in the middle of a GaAs layer Iin a. in N X , Deepsallow~A tasi~ati

GaAs/Al0 7GaO jAs suwerlattice. As the size, NI, of the 2.0- a S
GaAs layer shrinks, the deep levels remain relatively con- F CS S- ~ N Empty lee.stant in energy with respect to the GaAs valence-band18 reonc

maximum, while the conduction-band edge of Mh super- -

lattice increases in energy-progressively uncovering thleiei
once-resonant deep leMe of Si and converting this shallow 1.6f. OCCUeled OcM ~I
donor impurity into a deep trflp.*3  This shallow-deep, -~It~

transition as a function of GaAs well size NI. to our
knowledge, has not been anticipated in the literature- VBM (GoAsl

tice~~~~~~~~~~~~~~~ an0,n0-vl eics eas tipie htte{VM(L
and has consequences for GaAs/AlGa,,As superlat- W

most common dopant, Si, may become a deep electron -0.2-
trap rather than a shailow donor in GaAs.[______________

Also note (Fig. 4) that when Si in a GaAs quantum -. 41 1
well becomes a deep impurity with its deep level in the 0 2 4 6 8 10
fundamental gap of the superlattice, this level (w~ith Number of GaAs layers N,
respect to the GaAs valence-band maximum) generally
lies at a higher energy than the bulk GaAs band gap, at FIG. 4. Illustrating the deep-to-shallow transition asI, a funle-
lower energy than the Si- deep level in an Al.,Ga,-.,As tion of GaAs layer thickness N, in a GaAs/Al,Ga,.,As.
layer, and beiow the superlattice and bulk At, Ga, ..,As NI X 10 superlattice (SUI with x =0.7 for a Si impurity onl a
alloy conduction-band edges. Because Si in an column-Ill site in the center of a GaAs layer of thle superlattice

Al~G1~A laer ies t hghe enrgy hanSi n a host, The conduction-band minimium (CBMP and valence-band
GaAs layer, it is possible to move the conduction-band maximum (VBM\) are indicated by light solid lines, The Si deep
edge up by reducing the width of thle GaAs layers and to level is denoted by' a heavy line, which is solid when the level is

achive 'siuaton sch hatSi n aGa~slayr i a eep in the gap but dashed when the level is res-nant %tith the con-
aceve auatisc that Si in a Gal- As layer is adeepo duction hand. The deep level in tile -no -* aIp, I''r N,% <6 i s

levl, uttha S inanAG 1  A ae sa-hlo covered up by thle conduction hand as a -ebult of changes in thle
donor with respect to the superlattice (but not with host for N, > 6. The iinpurit~s deep level lie", ai thle gap for
respect to bulk AlGal,.As) because its deep level lies N, <6 and is occupied by the' e~tra Si electron, thec Si. in this
above the superlattice conduction-band edge, but below case, is thus a "deep irnpurit ." For S I > 6 the deep le% el lies
the bulk AlXGa,..,As conduction-band edge. in the above the conduction-band edo e as, t resonance. The daughter
more common case for ver% thin GaAs layers. Si in both electron from the Si impurity \%hich was destined for this deep
GaAs and Al\Ga-,As layers will produce deep levels level is autolionized, spills out to the deep resonaince~le~el, and
below the superlattice conduct ion-band edg., that is, falls to the conduction-band vdge (light solid line, where it is
since the superlatuice band edge lies below the subsequentl\ bound (at low temperature' in a shallow le~el asso-
AlXGa,..xAs band edge. for Si to be deep in a thin GaAs ciated with the long-ranged Coulomnb potential o-. the donor tin-
layer requires Si to be a deep level in bulk Al.,Gal, As dicated b\ thle siiort -,'4%hed line). It is importain to realize tha:
as well. Because of this requirement, and thle fact thatt Si botl:tthe deep le~el and thle shallow le~els coex\ist and are di,-
successfully modulatioii-dope,; GaAs/Al.,Ga-,As su- tinct levels with qualitatively difilerctit wa' fI'miction,,. The is-

perltries or <03(st2-sin-thatSi s ashalow sue of' \het herzan inipurny is "deep" or- *shallo\\- is determnined
perlt~ies fr x<0.3(sugestng hat i i a sallw b% wheil -,r or not a deep le'eh aso~eiattd \\t,I die intpurt lics

donor in. for example. Al,, Ga, 5As), wve dottbt that thle te haod gap. Tfhe comlputek!dvep-hdhlt1m\ transitikln okmurs
shallow-deep transition as a function of N, will be oh- Z.i*\~
servable in GaAs/Al\Ga, A.-s for x 0.2. For x -- 0. 3. hibe ts-pha 'cojktlr-
ho\% e~ci, Si in bulk Al G, As is altmost ccrtainl\ a solivhat lIoni .V n allk1,1k -,.e 'Hit t pr~Cda ted :m-

dee l~ e, moultio dpin ' it S i u inental band gap of the superlattike is indirecti f,, I -_V
GaAs/Al5 Gal ,As superittlces shiould require thermal All energies an %%.IIh respe% ,th ae' -ndixmu o
activation or tunneling (presumably because Si in anl Ga/Is.
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impurities,'16 for examnpk, N in GaAs. Nitrogen has a- els,a ph,,and-b,. Foran% point defect, one of the b~ or
resonant-state in the conduction band of GaAs, We have b, levels c_rrcsponds to a p-like level with its orbital

-predicted that this rcsonant state can be driven out of the composed of hybrids directed toward the GaAs layer and
conduction band-into the band gap by hydrostatic pres- has an energy almost the same as the bulk GaAs T, level;
sure,4 t an effect that has been observed by Wolford the other is composed of hybrids directed toward the
ei al.4 1 and Zhao et al.4 2 Here we predict that N, in AlXGaj, .As and is virtually an AICia, As T, level.
GaAs layers of a GatAs/A1O0 7GaO~As superlattice Will The b and b, levels reverse ordering from 3=0to(/3=20
have an impurity state in the band gap if the thickness of (because of the defined orientation of the x and y axes),
the GaAs layers is thin enough, for example, <48 A or and a, lies between them in most cases ,uch that the
17 molecular layers. splitting of the host v.:cnce-band edge can be ne-glected.

The splittings between the b, and b, levels at the inter-
2. As vacancy levels face are small, of order 0.1 eV, atid become negligible

when the vacancy is more than three or so atomic layers
Figure 5 displays the Jeep energy levels in the band from the initerface (a fact noted first for deep levels near

gap of an As vacancy in an iV, =X, = 10 surfaces by Daw and Smith")J. The splitting betwveen the
GaAs/Al0 7Gao. 3As superlattice, -ts a functiort of P3, the z a I level and the b I and b, levels is comparably small, but
component of the position of thK vacancy in the su- may not winish even if &h defect is distant from the in-
perhelix or supersiab. A vacancy is simulated here by let- terface, as a result of the splitting of the valence-band
ting the defect-potential ciements Y, and Vp at the vacan* edge: in the superlattice and the resulting changes of the
cy site approach infin:ay, making the defect into an host spectral density.
1atom" %ith infinite orbital energies, and thereby decou. The energy of a deep level is determined by a balance
piing it from the host by virtue of the fact that all energy3 betmeen the conduction-band states, which push tht level
denomii~ators :n a perturbation expansion are infinite.' 3 down in enerny. and the valence-band states, wvhich -repel
Several features of the results in Fig. 5 are worth noting: it upward. Since the GaAs valence-band maximum is al-
The valence-band maximum of the superlattice splits, most at the same energy as the valence-band maximum
with the p:-like edge moving to lowver energy, owing to its for the lOX 10 G ,As/A It,. Ca, jAs superlattice, the con.
lighter effective mass. Near an interface ((3=0,20, or 40) duction band has the primary influence on the change of
the p-like T, bulk As vacancy level splits into three lev- the energies of the As-vacancy deep level from bulk

As-vacancy- Levels
Bulk Bulk

20- GaAs lOxlO GaAs /lM01 a0 As Superlat lice AlO,,GO1As

1.6-~~~- CaCB.M_8 2 b

-1.2 a2  a bt" T2

- 00GoAs) Eq*P( AlO.,GzO. 3As)

w 0.4-
A,

)0VBM ~ VSMtLPP) __________

Al' Go As Ie
-0.41 Gas0. .

0 5 10 15 20 25 30 35 40

Site 8 in superlottice

FIG. 5. Predi,.ted eiierc le%;els ofan As %.icancy in a ~G~~,'AI G,.AJueltie ~a function offl. the position of the
,wuc te,.en %.dues e ,11orrespond to As sitebi. Note the 3plitting of the T. le% eis at .and near the interfitces1/ f3-0. 20. and 40). and

ihat the T:-deri Jd 1,an kes hteat higher eiiergy mnan Al, -Ga,, ., la~er thain ina, GaAs layer. The b, and b., ordering changes
at ~esa' aateta~s.The zvfru ofenetog iz the *.alcrc-baiid niaxinium of bulk GaA!s. .ud the corresponding %adentc band tV13M

,Aii d%.tkivu-band kCBM1 , and deep kesin oulk GaA% and bulk Al,, -Ga,, ,As are g1~en to the left .111d 11au Of thc entril
hgure.rse; e. The top ut .. ,c -.ntral figure is the condu~taon-baiid edge of the buperlattice. and the bottomn orresponds to 01.
-1plit %4aC1n1e blAid ini thz s1UpeltttiU-tie alence-baitd maxiinurn of the superiattive bting of b, or b, s-%rmmetr) p, -p, anld tkQ
split-o.Ir u, p~a band namaun qina 0.062 c~V lou~er in energp. The .1, le~el in the AlGa, -,As la~er of the superlatmie is louecr
than the uorrespouiang ' in thw GaAs L..er betcue of the hand off-set of 0.334 e%*. The Je"tronl holcl ocupancie. oif the deep
levels in bulk GuA% aind hulk Al, -Ga.. As are denoted by solid cie ;s iopen trianglesi.
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'GaAs to a GjaAs l'ayer in the superlattice, and the levels 0.06i2 0' than the b, and b,,edges. The conduction-band
move up. in, energy becauise. the conduction-band minimum in the lOX 10 superlattice has s symmetry and
minimum does. -In going from an Al0 70alj lAs layer in does not split.
the superlattice,,to 6bulk Al0 .-GaO. 3As, the levels move For the neutral vacancy, the, A,-derived deep level is
downi in energy, because the valence-band maximum, filled b\ two electrons, and one electron occupies the
moves dowvn. (The valence-band maximum is T,-like.) lowest of the T,-derived states.
The T, As vacancy le'els lie at somewvhat hgher energy Similar behavior to that found for the As-vacancy le\-
in an Al.Ga 1-. As layer than in a GaAs layer, owing to els is to be expected for all sp -bonded deep impurity lev-
the fact that Al is more elect ropositive than Ga. The A els in GaAs/AlI\G-at,-,As superlattics, although the is-
bulk As-vacancy level in AI,.Ga1 ,,As is slightly shifted sue of whether a specific deep level lies in the fundamen-
at the interface, and is at lower energy in an Al,Gal IrAs tal band gap or not depends on the defect potentiaii for
layer than in a GaAs layer because the band offset causes that impurity and on N1, N,, and x.
the nearest A4 states in the valence band to lie at lower
energy thtit. in the superlattice. The T, level in GaAs 3 ainvcnylvl
(AlXGai....As) is both split in the uperlattice and, on the3.Cd-accyevs
average, is shifted up (down) in energy at the interface. The .41 bulk levels for a Ga acancv in GaAs and for a
Because of the band offset, the .4 level for the As vacan- cation vacancy in Al~ Ga,-,As all lie very deep in the
cy in GaAs (AlVGa,As) moves down (up) at theInter- host valence bands and are not near the lundaniental
face. Still another effect does influence the relative order- band gap, either in the bulk or at an interface of a
ing of the ap, bi, and b, levels: As the impurity ap. GaAs/AlGa1.. ,As superlattice.
proaches the interface in GaAs (but not in AlI Ga 1..,As) The T1.derived cation-vacancy levels produce deep
its wave function suffers quantum confinement and its en- levels near the valence-band max\ima of hulk GaAs, bull
ergy levels shift-and the shifts for b, and b, levels are AlGa1_A,1-6 and the s-uperlattice (see Fig. 6). In the
generally different from those for a I levels because the a I Hjalmarson-type theory, the uncertainty in the predic-
valence-band edge in the lOx 10 superlattice lies lowver by tions of absolute energies is typically it few tenthis of an

Cation-site T-derived Vacancy Levels
Bulk Bulk
GaAs 10 X10 GaAs/Al 0, Ga*.3 As Superlottice AlJ OAs

1.9 --

1.6 -
-M r

I .5 GaAs Alo.,rGoo.341s ( oA)

E9 I O(GoAs) Eqap (SL) Eq2A1;l_ Go.$s

cf 0.1
0.0 VOMJ-~.b, b V8M5,W ,

0.0 V am

-0.1 T 0
T2 b,..'

-0.2 ndrjX

-0410 s 1O 15 2 0 25 30 35 40

Site j3 in Superlottice

FIG. 6. Predicted T-deriied ',-cank, levels of a cation %acanc in a GaAs.-,W Ail, -Ga, As 1,. superlaittice, as a funclion atr site

index' 0. the position olfii them %. The zero of energ. is the ske~-hatid &-c o.f bulk GaA-.. and the arr,,j~jintfi~ .z ,i nd
conduction-band edges and deep le~el. in bulk Ga&As ,i~d bulk Al. -G. Ai are goscii to thL, left .and 6-iht-of the eit.1 ical r,

spetil r he top of the central figure a,, the aonduwtioi-band cdat. of thLr operlatli .%. .nd ilk, b~. otioni lin,-% o'rr,,pkid it tht.
ta - and b --s~nimetric [ p, z:p .-tike %&lenc-hand maxinia ond the split a. pz-likc cdgL hch' 1. FL_ troll% Illr . hulk le%
el, ire denoted b~isoalid ciries. Holes are dinoted Ill. it triaiglcs. Wh'len. as ii. bolk GaA,. tIi% hlelcsarc jit. in K ivul'A

(icw laivitce-band Inminum,. the) bubble up it file aileix-band jim.m~munt where thilt, r..aL Coulomnb .. ti ir ..l r.i 111,n

finto shallovk i~ceptor leskels 'alot shovkii,. The Iatl.. bi.n~aulk GaiAsmad in .an Al . As,%~L in tli .p !ti- s :dat

ed it) be a triple shailoi% acceptoi. prm ding liarctL %uch lls it) th . slensa. band. Inl bulk A! -Ga .A% and . a N% i.q.-ii
superlwitiae. neutral 4mitioii saahisre predawtcd to pruu~ dixip traps for eitther ,.Lirolis or holes. Ii. the sup;.I I'mta"c. Ill,

losses-ckiergN lesel Is oftenl of ' linicr%. anad the lIqghest as t~piatll% cither of b. oa 1l. snnitli%. bilut jl~iklnis ,, this rulc Jlo

occur, as indicated on tife ligure.
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eV and tends to be somewhat larger for the 7T. levels than that, roughly %peaking, the deep levels do -not move
for 0- *f1 levels. Therefore. in what follows, the reader (much), whereas the valence-band edges do, as one goes
should not interpret our predictions for the cation tacan- from bulk GaAs to the superlattice to bulk Al(,.-Ga,,,As.
cy too licrally or to.) quantitatively. Rather, the predic- The b,. and b, levels in a GaAs laye:r lie typically nn0.03
tions illbzitrate the ,ery interesting properties of a cation- eV abo,,e the a, level, when we might have expected the
site deep T, level that lies near but below the valence- a, level to lie between them. This expectation is not met
band maximum of GaAs. Since this defect never lies at because the T, levels are near the valence-band max-
the interface (which, by definition in a imum and, in the superlattice. the T,-like valence-band
GaAs/A[,Ga 1 .,As superlattice, is at an As layer), its maximum is split into a, and Ill and b., edges. Hence
level bplittings are smaller C <0.05 eV) than the interfacial the a, valence-band edge has a stronger quantum-well-
anion vacancy's splittings. In bulk GaAs, the T'. cation- confinement effect: thelband edge for'a p-ikisae
vacancy level is predicted20'4" to lie z:0.03 eV below the lies 0.062 eV below-the edge for b 1 and b, states. Thea I
valence-band maximum. In bulk Al,);a Atepe defect states lie lower because the valence-band states

-dicted vacancy level is in the gap, 0.11 eV Pbove the that repel them are at lower energy in the superdattice.
Al().,Ga0., 3As valence-band maximum. 1Near a The largest splitting between b, and b, states is ot'order
GaAs/Al,,Ga 1-,As interface, the T, cation-vacancy lev- --0.02 eV, much smaller than the ( =0. 1-0.2)-eV split-
el splits into a, Ill, and b, sublevels. For x =0.7 some tings deduced from the anion vacancy -because the cat-
or all of these sublevels may lie in the gap of the superlat. ion vacancy always lies at least one layer from an inter-
tice. face. In particular. the p.-like a, level decreases in ener-

If the predictions are taken literally, then near the in- gy as the vacancy moves from the center of the GaAs lay-
terface the cation vacancy produces a v-ery interesting er toward the interface. The initial decrease is due to
level structure, depending on the site of the vacancy. To quantum-well-t(rnfinemnent, and begins wvhen the vacancy
begin with, in a GaAs layer the b, and b, vacancy levels wvave function significantly overlaps the A10,7Ga0,)As.
lie in the' gap of the superlattice, but in an Al0.7Ga,As However, as the vacancy becomes quite close to the inter-
layer the vacancy levels are resonant with the valence face, its wave function penetrates thoroughly into thle
band. This is due mainly to the band offset and the fact AlO,0 a0*1As layer and feels the electropositivity of the

A,-derived a, deep levels in

t~xlO GaAs/Al O.TGa 0 .3 Assuperlattice
1.8-

1. .GaAs, center ASSIECBM (SL)

S1.2 - - Al ~Go*.As, center

1.01- itraeCATION SITE
. .

C 0.61-GaAs,center /0

0.4- %, A 1 0.7 G a0.3 Acne

0. ~~GaAs, near intrf e Ao 7 a scn

02 V M(SL) / Al0 7 Ga 0 .3As, near interface

CIs Atc S Ai I Sb
Ge I In

F a N Tet Sn At
Se Po Ng

P Si Pbi TI

FIG.7. redicedeneriesoi ,-dcriued ).hlke a, Jeep !cecls of the indicated dtfets Ref. 4- for a GaAs/Al,, GauAs superlat-
it"itC~.h N, 10 GaAs. 6% ers and N.; L., Al, .Gao As Ia) crs in its unit supertxil. The dashed ies denote the predictions for de-

feitiai ur neat a GaAb, Al., -G i .\ ntcrfa~e. it, the /3=0 hiser for the interfax, lc~els ftr As-%ite defects Wupper left-hand .Aarneri,
Sa~nd. ill thle fl= I aid 3=21 laesaj~iito interfa%.e la~crb, ror Ga-site Jef.Ats in GatAb and ation-site defects Ill Alt, .4. ,As. re-

lpu,1 lo%%.r -ght-hand .1ruct . The wlid liaw-, Jenitc1 ill, ,ame le~cd- foi decis at or near the enter of GiAs and Al,, -G., zA'.

L,.r-.rcsc:...i~ ii ~saa~i~i. lgo.. ~rdinbr hat Llhthcur) 5ntpc.c 'ata h.gna hp ftefgr srlal
itlro of I-re . a c.lne-harnd in...xinium .: ':aA G.l.,. The ~a~aiid oniduuuoi'.-bajid edges o'f the superliamk~t are

dotorzd VB.%VSL a-).'JC11IMSL1. recve.-.%
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Al. If the valence-band offset were smaller, say 0.2 eV, predictions. N evertheless, we think that sttidiesWo the
then this effect would cause -the level to increase'in energy character of the Ga-vacancy wave function in
near the interface. GaAs/Alt Gal-.,As superlattices are warranted-and.

The neutral Ga vacancy in the bulk of GaAs (assuming could possibly reveal this shallow-deep transition in the
its deep-lev'el lies in the valence band) is a triple acceptor character of the cation vacancy.
(Fig. 6). (A Ga vacancy is created by adding three
holes-to remove the three Ga electrons-and letting 4. Deep levels of sp )-bonded impurities
the defect potential become infinite.'*) Consider this v'a-
cancy at the near-iterfacial site 93= I inl a GaAs layer of The predicted deep energy levels of substitutional sp~l-
the superlattice; its levels, in order of decreasing energy, bonded impurities in a GaAs/Al0 -,Ga03.As superlattice
are b~, b 1, and ap~ In all of thle cases of Fig. 6, thle cation are given in .1Fias. 7 and S for a superlattice with
vacancy is either a triple shallow acceptor or a deep trap N, =N, - 10. "~ These levels' energies E are obtained
for both an electron and a hole, having at least one par. by solving the secular equation (17) with Hjalmarson's
tially filled deep level in thle gap. If it were the case that a defect potential V slightly modified." In these figures we
cation vacancy near an interface had only one of its sub- display results for impurities at or near a
levels in the gap :.:id two sublevels resonant will, tile GaAsAl,..7 Ga0 _jAs interface and near the center of the
valence band of the superlattice, then the vacancy !would GaAs and Al0,jGa 0 _,As layers.
be a single acceptor, because only three electrons are For thle A I - or s-ike a I levels onl the As site (Fig. 7),
available for four spin orbitals: the, hole inl the fourth most interfacial impurities have energy levels roughly
spin orbital would "buitble up" to the valence-band max. midway, betwveen the levels f- impurities near the center
imum. Relatively small amounts of lattice relax~ation or of t he GaAs and the A]X Ga I -, As layers. There are two
charge-state splittings of the defect levels could alter the types of cation sites. Ga (inl GaAs) and Alcl' (inl

T. - derived a,, b,, and b. deep levels in
l~x tO GaAs/Al Ga 0  As superlattice

G oGAs,neor interface, -CM(L

14 GoAs,center,T 2

- -CATION

0.8 -o.3 s,~~te ITEAs SITE
w'0. AG a As etr, T

0.4 - A 0JGa 0 A s, neor interface, b, ascne,

0.2 '
0.0 \BM (SL) At07Go0 As, cente,T~~

F.At N A

o ci S1 As P0 Si Sn Zn Hg

FIG. 8. The predicted T2-deri~ed deep level's for the inditated defe.ts (Ref. 47) in a (GaAs),,/AI, -Ga, ,A'. superlattice. For
As-site defects diower right-hand corneri the two solid lines correspond to T:-derived b, le~els 1which. .e almost degenerate with bz
levelsi in the center of GaAs and Al,, -Ga., ;As luers. The correpondin.- T.-deriked at le'els lie sliglitl 'of order 0.01 eV1 below the
b I and b, levels and are not shmo'it. The dashed line is an interfacial 13=0 a I le' el. The co~respi-ding h. level 'it- shown' is nearl%
degenerate with it, and the b, le-%el t no! t ou ni is above it of order 0.0) eV. For cation-site defe': % fuppei left-han, cm'r"'r' the solid
lines correspond to T2.-deri'ed 1), le~els which are almost degeiterate with h_ and a, I. els not sliown, The dashed lin~es correspond
to interfacial levels for site f3=l 19in GaAs, of b: s~mrnetr% and for site [;=21 of b, symmetr%. The 13= 14 a. and '. levels -:-e al-
most degenerate with the T. keel% of defects in the center of GaAs and .1- not shown. Similarl%. the 13=21 'Al, -G..., As'o a, and b-
m hich are polarized perpenditiWar to thle inrterface. interftieial le% els are not sho%%n. Near the /3=0 interface, the h. and It.kel are
interchanged. Simply stated, the icsels o. or b, are split off' from the bulk T, energ% fin the material occu;-.,d b% the deect' anid the
remaining twvo levels -almost! are at the T, bulk encrg%. The zero of energ\ is thle % alence-band mo \tnunm of lulk Ga.-s . TI%
valence- and conduction-band edge% of the -,uperlattice are denoted VI3MtSL and CB.MISl_. respectively
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.AljGaj As); the cation-site defects near the 2.4
GaAs/Al~a -,As interface have nearly the same deep 2.2- (1j,)L
levels as def-.ts at the center of the layers-because 2*L(.0 ,0

those defects tre: at least one layer distant from the inter- i.8-
face (which co'incides with anl As layer), and hence are
onlyi weakly perturbed by the atoms onl the other side of .6 (0.0.0) r'
'the interface. "' 1.4-

The T,.derived levels in the GaAs layer (Fig. 8) are A~~, 2 sSction,
Wsplit when they lie near or at the interface. These are 0.0

dangling-bond-p-liKe evels and the p orbitals composed -0.2 V8MJof hybrids oriented most toward the interface are split -.most,(b I or (p, +p . Pike-and a Ior p. -like on the Ga site; _____________________

b, or (p, -p,)-like and a Iat the As site!, whereas the or- 0.0 0.2 0A4 0.6 0.8 1.0
bfial directed away from the interface is least' perturbed GaAs Composition x AlAs
and normally has a level closest to that of Oe hulk T, FIG, 9. Chemicahredds with alloy composition x in the en-
level. the same physics hold for defects in the ergies (in eV) of principal O~nduction-band edges r, L, and X',
Al'Ga1 -As layer (Fig. 8), but the signs of the splittings and the vaencee-band maximum of the alloy with respect to the
and the orderings of b 1, a1, and b, levels are normally re- valence-band maximum of GaAs. in the alloy AIGal..,As, as
versed. deduced from the Vogl model (Ref. 25), Also shown is the pre-

In general, three-fikctors influence the relative positions dicted energy of the .I.'symmetric cation-site deep level of Si
of~deepicv~ls in GaAs andAl,Ga1... As layers. Wi The (heavy linci, similar to the prediction,. of Hjalmarson (Refs. 31
more clect.rbpositive character of Al with respect to Ga and 48). The Vogl model is known to obtain very little build
pushes levels up in energy, so. that the same defect-has a bending. Moreover, the L minimum for-r-=.45 is known to be
tendency to exhibit higher-energy deep levels in at a bit too lowv an energy in this model. WVhen the deep level of
Al.vGal-.As than in GaAs. (See *.he T1-derived As- neutral Si lies below the conduction-band minimum, it is occu-
vacancy levels in Fig. 5.) 60i However, the Al also widens pied by one electron (solid 4'ircle) and one hole (open triangle).
the band gap, causing a band oii'set, and rearranging the When this level is resonant with the conduction band, the elec.
spectral distribution of host states somewvhat difl'erently tron Ispills out and falls iwavy line) to the conduction-band
for the It, and b, states than for the al states)-wvhich minimum. w'here it is trapped iat zero temperaturei in a shallow
often has the opposite eff'ect on those impurity levels dnrlvl(o hw)
most aff'ected by the host states near tl~c valence-bind
maximum. -(See the 4 1-derived As-vacancy levels in Fig.- GaAs/Al, Gal-,. As superlattice. For x=0.25 the Si 1ev-
5.) (iii) In -addition to the elect roposit ivi ty and band- el is in the gap of the all, oy, however.
gap-wvidening teft'ects, there is a quantum-well- This situation is much more common in larger-period
confinement efl'ect. Impurities in GaAs close enough to superlattices. 1-1 where the band edge of, he superlattice is
an Al, Ga1.. ,As layer that their wave functions overlap almost the band gap of the small-band-gap material
the Al..Ga 1 -. As barrier wvill experience level shifts due (GaAs) (see Fig. 1). To a good approximation, it an im-
to confintement (that depend on the symmetry of the lev-
el). States near and above the conduction-band minimum
with considerable conduct ion-band character are expect- ----- r
ed to move up in energy and valence-band states should 2.2 -- '
move dowvn clue to confinement (see Fig. 6). The 20A
confinement eff'ects should be more severe for a, states
than for Ill or b~, states, due to the fact that their wvave
functions are polariz-ed in the superlattice growth direc-
tion. C00.11

W ~2x2 G-iAsIAi.,GoA ASic
S. Dependence on alloy compos ion o .0 -l f

eii lA :aho~ou prdtiisfrteA-fBsymmetric deep level of cation-site Si (Ref.~ 311 in bulk 0.0 0. 0.4 0.6 0.8 1.0
Aaksasafunction of x. wvhich are imilar to GaAs composition X (GoAs)2 tAiAs),

those first obtained by I ljalmarson.45  FIG. 10. Chemical trend., with alloy composition x ii the en-
Figure 10, in comparison with Fig. Q, illustrates that a ergics kin eV) of principal %conducios- and .alen.-e-baiid extre-

Si impurity in a GaAs/Al.,Ga.l-,\s superiattice ina of' a -GaA /iAG.t. Aso, huperiattice. with respect to
with Y, =NY2 ma. i's: produce a deep !e~el in the super- die %alence-band maxs.mum' qf GuA5. Compare with Fig. 9 for
lattice band gap, although the s~tine impuritN in the the ali. Th%: superlattice %%ase keetors of the minima are
alto% obtained by disurderiiig the superlattice. k=0. k=- 1~ aL . .,0 . w~hich hah states deri'ed from the L
Alx')a~jx2,s does produce .t dep le'.el in the gap point o'f he bulk Brillouin zone. and the ptmilsderi-ed from the
or th.! alloy. To see this. consider x < L).5, for %% hich the bulk A' point- Zz u (0-0. N -. '). which is 17.-Iike. and
Si theoretical level does not lie in the gap of tne 2 , 2 2-,c iati 1.0.0-. which is v - and v -like,
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purity20  (i) produces a deep level in the gap when the im- alloy composition x required of a DA' center. Our
purity lies in the large-band-gap bulk material opinion is that 'the DX center is-normally either a Si im-
(Ail.Gal...As), and (ii) has its corresponding deep level purity, a complex containing a Si impurity (perhaps Si-Si
resonant with the host bands when t ihe impurity occupies pairs in some cases), or, in some instances, other impuri-
a site in the small-band-gap bulk material (GaAs), then tics such as Sni that are similar to Si. The complexes
the impurity'sdeep level will no: lie in the gap of the should have spectra very close to the spectra of their con-
large-period superlatticc for the case that the impurity stituents.5(' Thle persistent photoconductivity associated
occupies a site in a small-band-gap (GaAs) layer. Thus in with thle D.', center appears to be hest explained by thle
an IS8X 18 Ga.-%s/Al 0.;Ga0 _;A superlactice (Fig. 1), Si on H-jalmirs6n-Drummond phonon-CoulingC model. 4 How-
a Ga site in a GaAs layer has its .A -symmetric deep level ever, we note that L1i et ul.51 di-,puttc the Hjalmarsozt-
in the conduction band of the superlattice, and so is a Drummond concltiion and there remain unansweredl
shallow donor. However, in the corresponding alloy with questions concerning the DX center. We hope that the
x =0.35 (Fig. 9) the cation-site Si level lies within the present work, which shows how tile deep levels assocka-
fundamental band gap and is a deep trap. Similar phys.cs ed with Si should behave in the superlattice, may help in
holds for other defects. This physics might be the origin selving thle mysteries. ,urrounding this interesting defect.
of the improved transport char.acteristics of GaAs/AlAs
superlattices over Al 0,,Ga0.$As alloys, as observed by IV. SUNJM1%ARY
Fuji'vara ot al.', The calculations presented here call into qiestion the

6. Fluctuations common assumption that the character of ati impurity in
a superlattice will always be the same as in le bulk. We

For some time it has been known that fluctuations in have presented calculations which indicate that tile nor-
alloy composition x of AlGa1-,As canl cause normally mal shallowv dopant S; in GaAs may become a deep trap
shallow donors such as Si (for x <0.3) to produce deep in a GaAs quantum well of v GaAs/AlGia1 ,As super-
levels in regions where the Al mole fraction is consider- lattice. This prediction should be ics,.Jd tbr x>~0.7 su-
ably larger than the average value x. Here we have perlattices, where. it is likely to be most reli.able. $:.
shown that in thin quantum wells of GaAs in We have elucidated the physics of decp leve~s in super,
GaAs/AlXGai-,As superlattices for x > 0. 3 the Si can lattices, and find splittings of T, bulk Ic' els and shiftF of
produce deep levels as well. Thus fluctuations in layer .4 levels of order 0. 1 -0.2 eV for defects at thle interface
thickness can produce previously unanticipated deep and less for impurities wvithin two or three atoi, ic plaales
traps. Since deep-level wvave functions have large ampli. of an interface. For impurities more distant fromt anl in-
tudes only within a radi..s of :=5 A of the imptsrit\, a terrace the effect of the superlattice is primarily to chionge
fluctuation in GaAs laver thickness (in the zdir,.-ciion) thle uindow of o~serL'abilityt t, thle deep le% el If one imag-
down to, say, 20 A, occ'urring within a sniall circh. w* ra. ines the deep Iec ls as Ibein,, relati~el\ fixeJ in energy. the
dius 5 A in the x.y, plane, \\ould lead to Si deep Ie\ eis inl role of the superlattice is to pro\ ide'the biln% gap; super,
that region. Hence, special care may be necessary during lattices with "mall GaAs quantum \\clls it. \e sufficiently
superlattice growth to pievent nor~uniformities in layer large band gaps that deer levels which are c:overed tip by
thickness, wvhich could le,.. to such deep-level formation. thle bands in bulk GaAs are uinco' ered and% observable in

the% superlattice.
7. Relationship between cation-site Si
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1028 (1980); Appl. Phys. Lett. 36. 690 (1980): M. S. Daw, D. 42A casual examination of the theory. Fic. 7. indicates that Sn
L. Smith, C. A. Swarts. and T. C. McGill. J. Vac. Sci. Tech- should have 2 decp level --0.-' V .:bovc the Si level tuith B
noi. 19. 508 (19S1). ir. betwern). However. Sn ex~primcnally lies only 0.056 eV

45For Al,. 7Gan.-Ga and GaAs. the T, cation-vacancy lei.l is above S: in GaAs.' the dili'orence bcm attributable within
predicted to lie at 0.11 and -0.04 eV. respectively. with the current theory to lattice relaxation. Hence Sn dopi"g
respect to the relevant valence-band maximum. rather than Si doping is unlikely to repre.-nt much of an im-

46See, for example, J. P. Buisson. R. E. Allen, and J. D. Dow, J. provement in small-period superlattices.
Phys. (Paris) 43, 181 (192J; E. S. Ho and J. D. Dow. Phys.
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Theoretical densities of phonon states in random At Gal.,xAs alle:-s are
presented and compared with publlshed Raman scattering data. The
calculations employ the recursion method and a Born-von Karuan rigid-ion
model of the lattice dynamics; they permit the assignment of major
spectral features either to parent modes in GaAs and ALAs or to
vibrations of specific alloy clusters. The phonon spectral densi.ics of
states are shown to be nearly "persistent" - a linear superposition of
GaAs and AtAs spectral densities. Deviations from the persistence limit
are attributed to "alloy modes." Many assignments of lines in Raman
spectra are confirmed, but some lines are reinterpreted.

1. Introduction The deviations from the above are attributed to
"alloy modes", namely characteristic vibrations

In this paper we report calculations of the of small clusters in alloys not present in
-densities of phonon states- for ALxGa lxAs either GaAs or AlAs. The main features of the
substitutional alloys, and compare our results Raman data are all accounted for, including
with Raman scattering data of Tsu, Kawamura, and disorder-activated Raman modes which arise from
Esaki (11, Kim and Spitzer [21, Saint-Cricq et either persistent modes or alloy modes in the
al. (11, and Jusserand and Sapriel (4]. We show densities of states that are Raman-forbidden In
that the densities of states of these alloys perfect zincblende compounds.
are, more or less, "persistent" in the serte of We employ the recurq!3n method 16-91 in o...
*nodera aid Toyozawa [5): except in rhree calculations, treat the ions as rigid, iaclude
spectral regions, the densities of states of :he first- and second-nearest-neighbor force
alloys ALxGat-,As are linsar superposi:ions of constants, and neglect long-ranged Coulomb
the densities of state - of GaAs and AlAs: forces. To our knowledge, these are the first

calculations of this type for Ill-V
O(M;Atxal-xAs)=(l-x)D(fl;GaAs)'xD(fl;AlAs). semiconductive alloys. Coherent pctential

(I) approximation (CPA) calculations :101 have been
reported previously. However, the CPA, In its
usual form, breaks down w enevqr the local modes

* Present, Address: Department of Physics and jof clusters of minority atoms become important
Astronomy, University of Maryland, College -- i.e., on the order of x2 or (1-x)2 and
Park, MD 20742. higher. Because of the p~rsistent nature of the

** Present Addies: Department of Physics, densities of states, Ea. (1), the CPA, or almost
University 6f Surrey, Guildford Surrey any alloy theorv, will successfully predict Lhe
G112 5XH, 11.K. main earures of the alloy spectra; hut the
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Fig. 1. Displayed from top to bottom are Ref. 1141, should be reversed..!Here we use the
phonon dispersion curves for GaAs, densities of assignment of Barker et al.) The phonon
phonon states for GaAs, density of phonon states densities Gf states for GaAs and AXAs were
for Al0 SCa0 5A5,, densities of phonon states for obtained by the recursion method (solid tines)
AlAs, and phonon dispersion curves for AlAs, and are compared with the densities of qtates
respectively. The phonon dispersion curves for obtained by the Lehmann-Taut method (dashed
GaAs (solid lines) were obtained using the lines). The density of states for Al 0 .Ga 0 5As
force-constant parameters of Ref. [.i], and are was obtained by the Lehmann-Taut method using
compared with :he neutron scattering data of the virtual-crystal approximation for the
Ref. i18] (dotted lines). The phonon dispersion force-constant parameters and the cation-site
curves for ALAs (solid lines) were obtained In mass In this alloy. Phonons at specific
the nresent model, and are compared with, the wavevectors in the Brillouin zone, such as the
infrared reflection data and the-Raman optic mode at r, O:F, have those wavevectors
scattering data of Ref. 113) at the r point Indicated after a colon. The main symmetry
(circles'), and the optical absorption data of points are r-(O,o,o), L-(

2
slaL)(1 /2,1/2 ,1/2),

Ref. 114) at the X point (circles). (It was X-(2vZaL)(IOO), U-(2/aL)(I,1/, 1 /
4 ), and

pointed out by Rarker er al. 1I11 that the K-(2s/aO)(3/4,3/4,O).
assignnenzs for TO:X and LO:X, given in
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deviations from tife versisMlre limit - which To. ohtaln des.;ities of iates we employ

are-the non-trivial all- • - are-not 1000-atom clustert and execute the recursion
reliably -redicced b bt nt- and tost ocher method to 51 leviak of -continued fracti-l.:e; such

ziloy theories. In contract, the recursion parameters were foind to he necessary to )btain-

method is capable of including all orders of x, good representations of the phonon densities of

and predicts accurate alloy spectra provided states of GaAs and AlAs. Oetnilq of the

that the proper ensemble averages over the calculationc can be found in Ref. [201. In
various local environments are evaluated. Fig. 1, we disptla the resulting phonon

densities of states for GaAs and AlAS obtained
by the recursion method (solid line) compared

2. Outline of- the calculation. with those obtained by the Lehmann-Taut method
[211 (dashed line). In the densities of states

The first step of our method is to obtain obtained by the recursion method, we not3 that
force constants by fitting the phonon dispersion the sharp van zove singularities 1221 are
relations of GaAs and AtAs with a first- and blurred. This is characteristic of the recursion
second-neighbor rigid-ion Born - von Karman method, Vlch has a slow convergence to spectral
force constant model. For GaAs, the force singulartttes, as they are explicitly due to the
constants of Banerjee and Varsnni [111 were infinite p.:riodicity of the crystal lattice.
found to -e zxcellent (here we set their
long-ranged force constant "x" to zero); for 3. Results
AlAs the elastic constant data for c12 1121 and
the following measured squared ohonon In Fig. 1, we also display the dens'ty of
frequencies were used to determine the six states for the alloy A10 5Ga0 5As, calculated
independent force constants of the model: using the virtual-crystal approximation in which-
[01 2(LO:F)+202CT0:F) ]13, 2 (TO:X); 02 (LO:X); the force constants and the cAtion-site masses
02(LA:X); and S2(TA:X) [i3-15]. (Here we denote are linearly interpolated between those of GaAs
optic and acoustic modes by O and A, and AlAs. This spectrum exhibits only one
longitudinal and transverse modes by L and T, "amalgamated" 151 optic band and thus the
and the wavevector t using standard symbols well-known "two-mode behavior" [13,231 of this
[I16' Hence LA:X refers to the longitudinal alloy is not reproducte by the virtual crystal
acoustic mode at the X-point of the Brillouin approximation.
zone.) The force constants v, u, and X for In the recursion-method theory presented here,
anions and cations in AlAs, in the notation of the force-constant parameters for an alloy of
Banerjee and Varshni [111, were assumed to be composition x are determined using those of the
related according to a central-force model (171: parent comoounds (Table I). For ALxGalxAS, the
v=p-. The resulting phonon dispersion curves first-nearest-neighbor force constants, a, of
are compared with data (13-15.181 in Fig. I (top pure GaAs and of pure AlAs are used for Ga-As
and bottom), and- the force-constant parameters pairs and At-As pairs in the alloy, namely,
obtained in the present model are tabulated in
Table I.

No long-ramg!d forces are included in- the fit a(A~x~ a-xAS('aAs) = a(GaAs)
to the phonon dispersion re._tions; hence the a(ALxGalxAs;A1-As) - a(AXAs)
observed splitting, at the r point of the (2)
Rrillouin zone between the longitudinal optic We use the same relation for S(A~xGalixAs;Ga-As)
(0A) and transvers6 optic (TO),modes cannot be and 6(AtxGa i.As;AZ-As). The second-nearest-
reproduced by the model. However, this splitting neighbor force constants, X, for four possible
is small, -18 cmI1 in GaAs and -38 cm-1 in ALAs, pairs of atoms in the alloy are determined by:
in comparison with optical mode energies of
-270 cm-1 and -390 cm

-1 , respectively. While
e:plicitly ignoring the long-ranged Coulomb X(AtxGa.-As;Ga-Ga)-Xc(GaAs)
:orces, we note that a model with first- and
second-nearest-neighbor force constants can at )(AtxGal-xA;As-As)-( -x))a(GaAs)+Xa(ALAs)
least aden'"ately represent some of the effects
of the 1 -ranged Coulomb forces at the X(A~xralxAS;AX-A)0Xc(ALAs)

zone-bou,.,,R y points (which dominate the
density-of-states spectra). Moreover, the (A xGa- ;a-A )(-x):-(GaAs)aX)c(AlAs),
qualitative differences in the phonon dispersion
relations due to the long-ranged Coulomb forces and we use the same relation fo7 the other
are major only in the long-wavelength limit second-nearest-neighbor force constants u and v
(near the r point in a Brillouin zone); the for these four possible pairs of atoms. The
direct effect on the ,1lobal features of the distribution of atomic masses at various
densities of phonon qtates is rather small [191. zinchlende lattice sites is determined for
Caution should he taken; however, when AtxGal-xAs as follows: (i) all anion-site atoms
vibrational properties in the long-wavelength are As atoms; (ii) at a specific cation-site,
limit are of concern, such as in Raman the mass is that of At with probability x or the
spectroscopy or infrared reflection mass of Ca with Probability I-x (as determined
spectroscopy. by a randcm number generator).
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TARLP 1. Force-constant barameters (in units of where the sum is over all possible miniclusters,
iO3 dyne/cm) and masses (in units of 1

-
24 g). afid di and oi-are the local density of states

Here the labels a and c refer to the anion and the and the probability of occurrence of the ith
cation, respectively. minicluster respectively. The cation-site

density of statLs is determined trom the local
densities of states of a Ga atom-and an At atom,
each of which is surrounded by four As atoms,
and ,it can he written as

GaAs AlAs cation( ') (1-x) dGa(A:l) + x dA ( ; )

(5)

a -39 .5 25a -41.546 kThe total density of states is the sum of the
anion-site and cation-site local densities of

a -34 .0 00a -37.760 states.

The calculated total densities of phonon
Xa 4 '50 a 1.772 states for At Ga jAs, for various compositions

x, are shown in Fig. 2. To a good apo:oximation

c  4.500 -4.246 these spectra are "persistent", namely they
appear to be linear superpositions of GaAs and

ua -3. 9 7a -2.217 AlAs spectra (See the dashed line of Fig. 2), as
determined by Eq. (-). In three -spectral

uc  -467
a  

-0.6q3 regions, there are significant deviations from
this "persistent" behavior: (i) near 75 cm

- 1
, in

"a -3.6Q7a -3,989 the acoustic band, (ii) near 250 cm
- I

, in the
GaAs-like optic band, and (Iii) near 370 cm

- l ,

vc  -4.467
a  

3.553 in the AlAs-like optic bAnd. These are all
"alloy modes". By examining the local densities
of states at various sites-for different alloy

Ha 124.4102 124.4102 configurations, we are able.to associate each of
these features with' vibrations of specific small

Mc 115.7722 44.8044 clusters, We discuss this in the following.
In the midrange of alloy compositions, xz0.5,

the transverse and longitudinal acoustic mcdes

are primarily associated-with the vibrations of
(a) Parameters for GaAs obtained from Ref. [111. As atoms that are surrounded by Ga and AL atoms

at the nearest-neighbor sites, The deviation
from the persistence spectrum at -75 cm

- l 
is due

to fluctuations in the alloy composition: it
The recursion method has been described comes from the contributions of clusters

elsewhere 16-91, and is well-suited for. containing Ga and AL atoms which are present in
calculating the local density of states at a a ratio different from 50% each.
specific site in a disordered system: d(A;0). The Persistence spectrum (dashed line of Fig.
Since d(;O) depends sensitively on the local 2) near 270 cm

-1 
is composed mainly of the

atomic environment, in order to obtain the total folflowing two types of vibrational modes: (i)
density of states, which is insensitive to vibrations of a central Ga atom that has ra
specific locai order, we sum over an ensemble of atoms for its twelve second nearest neighbors,
local densities of states as follows: (i) at the and (ii) vibrations of a centrai As atom that
center of the 1000-atom cluster, a specific has Ga atoms for its four first nearest
five-atom minicluster is generated, e.g., a neighbors. The deviation fron, the persistence
central As atom surrounded by one Ga and three spectrum around this frequency region, namely
At atoms; (ii) the probability p(x) of this the shoulder at -250 cm-7, is thus attributed to
cluster occurring, in an alloy with composition x the following alloy modes: (I) vibration4 of a
is determined (see Appendix); (iII) the central Ga atom with At atoms replacing ,a atos
remaining 995 atoms of the cluster are added, at the second-nearest-neighbor 'tes, and (it)
with As atoms on anion sites and either Ga (with vibrations "I a central As atom -h At atoms
probability l-x) or AL (with probability x) replacing Ga atoms at the first-nearest-neighbor
atoms on cation sites; and (iv) the local sites.
density of states at the central site of the The persistence spectrum (dashed line of Fig.
minicluster, embedded in its alloy environment 2) at -345 cm

-1 
and -3Qo cm

-1 
is due to

of q95 atoms, is computed. The process is vibrations of a central AL atom that has AL
repeated for all possible miniclusters, each atoms at the second-nearest-neighbor (ten. The
embedded in the 995 atom cluster. The anion-site deviations from the persistence limit are
densitv of states is then given by attributed to the alloy modes, which are

vibratio s of a central AL atom with Ga atoms
Danion(n) - Ei ni(x) di(A;) , replacing At atoms at the jecond-nearest-

(4) neighbor sites.
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WAVE NUMBER X-1  ( cm') AZn 1GaO qAs is due to isolated At atoms
0 100 200 300 400 surrounded by a mostly-naAs environment, and

(ii) the peak near 260 cm
-
l of, A%0 9GaO.As is

09 G~a Adue to vibrations of isolaed ra atoms
0.9- Al-,GaxAs1 surrounded by a mostly-ALAs *irvironment, and due

I to the vibrations of As atoms bonded with these
0.6 X 0.1 Al isolated ra atoms.

The fact that the alloy snectra are persistent
3 (and definitely not virtual-crystal-Like or

0. ,algamated - see Fig. I), especially for optic
mods,. means that the principal spectril

0.0 feattiCeqcan be roughly labeled by the Quantum

S -numbers o the parent cotipounds CaAs and AZAs --
O0.6- X = 0.3 d s'rt "the .ract that thei wave-vector o2 and

other syr mi ty labels for the auantum numbers
4 are not srrI? valid for the alloy. Therefore,

0.3 "any reas, niA 4.1oy theory, which is based on~experimentally 9 pti: ,freauencies of the

0.0 parent commound sctconductors, should he able

Wto explain the prindipl features of the data.
O.6 X o;5 This is why very simpl eodels, such as the

(GoAlG) random-element-isodisplac. -'nt (RFI) model

As [As,AO (23-251, have been succes iv, tur the Purpose of
0.3 - obtaining-optic iiode frequinc!tias a function

0 of alloy compositiop. The featuros that are
O, 0.0 difficult for any model to nradic. are the alloy

, modes. In this regard, we note that he Dreqqnt
0.6 X O.7 method, despite its limitation to short-range

Z , forces, is clearly capable of including-anv

w alloy modes, whereas most other theories,
aO.3 including the coherent ootential aoproximation
X (GPA) 1101 and other similar effective-medium

N I theories, are inappropriate for including theWOO. effeects of clusters of minority atoms -- i~e.,

0.6 X 0.9 effects on the order of x2 or (l-xj
2,

Go 4, Comparison with data
0.3

In comparing the calculated densities of

0J states with Reman or infrared data, one must
0 0 20 30- 40 50 60 70 80 make allowances-for the deficiencies of the

theory, including the facts that the calculatedFREQUENCY a (10 rad/$ec) spectra do not include Raman ot-infrared matrix
I I I I I elemeats, and the model neglects the0 10 20 30 40 50 oolarizabifity of the bonds and the long-ranged
ENERGY lia ( meV) Coulomb forces. Thus, when viewing the

theoretical predictions, it may be necessary to
Fig. 2. Densities of phonon states D(n) for mentally shift peaks of order 220 cm-1, solit

Al_,,Ga As alloys obtained by the, recursion Peaks, broaden them, and change their
met hod solid lines) along with density of intensities in order to bring the theory into
states obtained using the persistence coincidence with the data. Nevertheless- .ven
approximation, Eq. (1), for x - 0.5 (dashed with these uncertainties, the theory can be very
line). The assignments given to "ominent peaks useful for interpreting data.
represent clusters or atoms that are responsible
for the vibrations giving rise to the peaks. For a. x-0.76
example, As denotes clusters with a central As
atom; 'As,AX) denotes clusters of a central As Fig. 3(a) shows Raman data for AX Gal As with
atom with At nearest-neighbors; and (Ga,AL) alloy composition x - 0.76, obtaineg bylsu et
denotes clusters of a cuntral Ga atom with At al. (I1, and the best-resolved spectrum, at
second-nearest neighbors (or nearest cation T - 350 K, among the resonant Raman-scattering
neighbors), data taken by Jusserand and Sapriel (4]. The

experimental conditions for obtaining these
data, in a perfect crystal, would yield only the

The clusters responsible for the impurity LO:r modes: backscattering from the (100)
modes at alloy composition x -0.1 (GaAs:A1 surface with incident and scattered light
local mode) and x - O.q (AXAs:Ga gap mode) are polarizations parallel to the 10111 crystal
as follows: (I) the sharp peak near 370 cm"1 of axis. However the disorder of the alloy breaks
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Fig. 1. (a) Raman spectrum for AX0 .760a0 24As states for At G6Gao,2As. Various mode
after Ref. (1) (solid lines) and resonant Aaman assignments'of gefl . [1) and (4) are indicated.
spectrum for At 75Gan 25As after Ref. (41 AL denotes an acoustic local mode.
(dashed line); ?S;'cal;ulated density of phonon

the Raman selection rules, leading to the nearest-neighbor sites (typically three At ators
activation of cher non-LO moles. Thus, while and one Ga atom at the nearest-nelghbor sites
the theory (See Figs. I and 3(b)) confirm the for x a 0.76).
general assignment of the LOAXA peak, it The two lowest hands observed in the resonant
suggests that disorder-activateA ione-boundary Raman-scattering data of Ref. 141 (Fig. 1(a))
TO:L and TO:X modes, which produce a peak in the are. the disorder-activated longitudinal acoustic
calculated density of states at -390 cm"1 (Fig. mode and the disorder-activated transverse
3(b)), contribute as well to this peak -- giving acoustic mode respectively. The acoustic region
it breadth a,:d an asymmetric shape. of the density of states, for this alloy
Concentrating on the fact that the selection composition, retains most of the features of

rules forbid the TO modes (in the crystal), we AlAs, and can be crudely assigned with the
speculate that the TOA.As assignment of the symmetry points of AlAs. Comparing each feature
-360 cm I peak should be revised: the theory in the experimental data with the density of
(Fig. 3(b)) has an alloy mode at -360 cm-1, states (Fig. 1), we confirm in goneral the
which results from (See Fig. 2) vibrations of AL LA:X(ALAs), TA:X(AlAs), and LA:L(AlAs) peak
atoms with some Ga atoms replacing AL atoms at assignments, while noting that, respectively,
the second-nearest-neighbor sites (typically disorder-sctivated LA:U,K(AlAs) and TA:L(AlAs)
three Ga atoms and nine AL atoms at the modes should also contribute to these ..eaks. We
second-nearest-neighbor sites for x = 0.76). tentatively :tassftn the peak labeled TA:L(AlAs)

Ve confirm the other major mode assignments of in the data, at least In part, to an alloy mode
Ref. [11: the peaks desipnated as GaAs-like LO which results frbm vibrations of As surrounded
and (disorder-activated) TO modes in the data by (typically three) At atoms and (at least) one
correspond to the persistent part of the Ga atom.
GaAs-like optic band at -270 cm- I In the density
of states (See Fig. 1). The shouldcr of the b. x-0.54

GaAs-like optic peak (AL: denoted -Xcoustic Local
mode in the data) can be attributed to the alloy Figure 4(a) shows the Raman data obtained bv
mode at -25( cm- 1 in the density of states (Fig. Kim and Spitzer 121 for allov composition
2). This mode is due to vibrations of As atoms x = 0.54. The AlAs-like LO mode and the
with AL atoms replacing Ga atoms at the GaAs-like LO mode are very sharp, obeying the
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Fig. 4. (a) Raman spectrum fort At? 54Ga0 46As disorder-activated longitudinal acoustic mode Is
after Ref. (21; (h) calculated dens ty of phonon denoted DALA.
states for the same alloy composition. The

selection rules for this experimental geometry two-'honon scattering by transverse acoustic
(hackscattering from the (OOl) surface-v4ith modes (2TA) and 'he disordir-activated AiAs-li'ke
light polarizations parallel to the 11101 optic mode (DAO) near 37V Cm" were removed fron
crystal axis). The theory confirms the DALA, the spectrum by the authors of Ref. 131,
LOGa.A. and LOAj s assignments. Furthermore, yielding the processed spectrum of Fig. 5(b) --
comparing the data with the density of states, which those authors argue Is stillar to the
the shoulders of the two main peaks appear to density of vibrational states for GaAs. Our
have resulted from the alloy modes which are calculations confirm their density of states
disorder activated. The clusters responsible for argument and support their assignments. The
these modes are nearly the same as those in the somewhat sharper feature in the cheory at
case of x - n.5, as described earlier (Fig. 2): -280 cm"| is an artifact of the theoretical
The LOCAsa mode has sidebands assigned to model due to the omission of lang-ranged forces:
clusters with a central Ga atom and some At as a result the TO:r and LO:r modes are
atoma as second-neighbors and to clusters with degenerate in the theory but split In the data.
As surrounded by sofae nearest-nei,,hbor At atoms.
The LOAAAs line has a low-energy tail due to 5. Summary
vibracions of clusters with central At ato-As
with some Ga second-nearest-neighbors. The recursion calculations provide a good

account of the phonons in At a l_,As alloys. In
Lit. x-0.2 general, the spectra are well-described by the

r.-rsistence limit, Eq. (1), which is why so many
Unlike the data for x=0.76 and x-0,54, the assignments of alloy spectral lines in terms of

Raman spectrum of Fig. 5(a) (3) was measured phonons in GaAs or ALAs have been correct. In
under conditions meant to forbid the LO:r and particular the "two-mode" behavior of the
TO:r modes (in the case of a perfect zincblende AZxGal-xAs optic mode is a consequence of the
crystal): scattering from the (100) surface with persistent nature of phonons in these aLloys:
lighc oolarizations parallel to the 10011 thus one observes distinct AtAs-like and
crystal axis. Hence the main peaks are due to GaAs-like optical ohonon modes.
broken selection rules and are The genuine alloy effects are the "alloy
disorder-activated (DA). Tbe peak assigned to modes" that are not well-described by the
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Fig, , (a) Ranan spectrum for ALD 2Ga0 nhs density of phonon states for the sane alloy
after Ref. (1; (b) spectrum ohtained'in '  composition, flA indicates "disorder-activated."
Ref. f31 'by removing the hackground, the The node identifications in (a) are those of
two-phonon contribution, and the OAO Ref. (31.
(DtForder-Ectivated Optic node): (c) calculated

persistence approximlation, Ko. (1). The APPENDIX: Probabilities
recursion-method theory produces these Nodes and

identifies each of then with the vibrations of a The probahtliries of occurrence of five-atom
specific atom or cluster of atoms. These nscuterio are calculated assum. .g a random
identifications appear to bcrovide improved pseudo-binary al'ts in shich all anion sites are
assignments of some Raman spectral lines. The occupied hy As atoms and (h3 A. and Ga atoms are

success of the theory in this regard, namaely in randomly dietributed on the cation sites. For a
describing the corrections to the persistence minicluster with a central A or Ga atom, the
limit, is what makes the recursion method a four neighsoring atoms are and atoms For a
satisfactory theory of alloys. oever the central As atom, the probability of o r At and n

present calculations should be regarded as only (a atoms on the neighboring sites is xn(l-x)n,
a first semi-quantitative attempt to describe and there are a(clm) Ruch clumters.
ehonons in i ar-V pseudo-binary alloys. The

theory should, be improved by including
long-range forces, especially Colombic fnrces Ri eiRFn .CFoS
and the efect of the polarizability of the
alloy cofstitaenss. How R. Tsu, H. awam ra, and L. fsaki, Proc.
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We report self-consistent calculations for the deep levels of nearest-neighbor (S,S) substitutional
defect pairs in Si, including (i) the charge.state splitting, and (ii) ratios of hyperfine tensor com.
ponents. The good agreement with available data lends credence to the mesobonding model of
paired.chalcogen deep levels.

1. INTRODUCTION The Green's function is evaluated using the sp~s
empirical tight-binding model of Vogi et al., 17 by simply

controversy exists concerning the character of the inding the eigenvalues E(k,X) and eigenvectors (k,)

deep-level wave functions of chalcogen nearest-neighbor of the Hamiltonian. 18 The defect potential V-H -Ho is.,.
substitutional pairs in Si. On the one hand, Sankey and constructed along the gentral lines suggested by Hjalmar-

Dow 12 and Hu et al.3 claim that the "molecular" wave son et al,; 1 In a localized Lwdin-orbital basis of s, P.,,
function for the (S,S) deep level in the gap of Si is mesa- py, and p, orbitals the defect-potential matrix is a 32X 32
bonding, that is, a o.like al-symmetric' bonding linear matrix involving only the two S sites and the six neigh-
combination of the two antibonding p-like T1-symmetric boring Si sites directly bonded to S atoms. Following es-isolatid-S wave functions, [These T' states of isolated S tablished approximations, 16 we neglect the long-ranged

laedS otadep int ons. gap ese of S t ae orsoat it t non-central-cell Coulombic parts of the defect potentialare not deep in the gap or Si, but are resonant with the and ignore lattice relaxation around the impurities-
conduction band; the isolated-S states in the gap are approximations that introdice uncertainties of a few
known to be of A 1 symmetry and of antib;nding charac- tenths of an eV into the predicted absolute deep oevel e-
ter, but descend into the valen._ band for (S S)
pairs. 3'5- 12] On the other hand, W8rner and Schrimer1 ergies. 1 ,10' However, for studies of charge-state split-

claim that the corresponding wave function for (SeSe) is tings, which are differences in deep-level energies, these

totally antibonding: an antibonding linear combination of theoretical uncertainties largely cancel, leading to a

antibonding isolated-Se s-like A -symmetric deep-level theory of the energy difference much mor accurate than
0. 1 eV.wave functions. In the Wgrner model, the A1 -derived The symmetry group of a nearest-neighbor substitu-

state of the. molecule lies within the fundamental band tional (S,S) pair oriented along the (I 1) crystal axis is
gap." [Both of the theories indicate that the deep levels C3, (Ref. 4) (versus Td for isolated S). The irreducible
of(S,S) and (Se,Se) should have similar wave functions.] representati'ns are al (a-like), a2 (rotation about the

In this paper we report self-consistent calculations of S-S bond), and e (-r-like). Thus the 32X32 secular
the wave functions and energies for (S,S)} and (S,S) determinant factors into one lOX 10, one 2X2, and one
deep levels in Si. Our results lend support to the meso- 20X20 dtterminant, each with the form
bonding model and complement other self-consistent
theories of extended defects in semiconductors. Is det( 1 -GoV)=0 , (3)

11. METHOD but involving matrix elments between the basis functions
of a single irreducible representation only. Details of the

Our approach is based on the Hjalmarson et al. theory calculation and explicit expressions for the basis func-
of deep impurity levels, 16 and solves the secular equation lions may be found elsewhere. 19

The defect potential is diagonal in a L6wdin-orbital
det[ I -G(E) V]O , (1) basis for the perturbed crystal, with the values

where Vis the defect potential operator and Go(E) i: the (i,or;R I V I ia;R) =i3jE(i,a;R)- W(i,o;R)] (4)
bulk-Si Green's function

G(E)=(E- III)) where fl =0.8 for i =s and 13, =0.6 for i =p, p,,, or p:. 16

Here R labels the atom and a denotes spin; W(i,s:R) isk ?,,)( k,3J the value of E i,; R) for bulk Si.
k. k The defect potential is determined self-consistently us-

40 7883 @1989 Thi American Physial Society
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TABLE I. Computed occupation numbers n(i,a:R) for the (%P Ip V(d/dE)[Go(E)]V I It ) = - 1. (7)
(S,S) and isolated S defects in Si. ....____-..... =- Since the occupation numbers n depend on the defect
'Occupation number (5,5)" (S.S), (5)P (S),"Occupation number (SS) (S.S_ -S .... S. potential V (and vice versa), Eqs. (3), (4), and (6) are

n(s,a;Ro) 2.01 1.96 1.97 192 ,solved iteratively until self-consistency is obtained. This
is done for the deep levels of both (S,Si' and (S,S)°, the

n (p,,o;Ro) 3.86 3.86 3.84 3.87 difference between the energies of the two deep lev:es hc-
M.G ing the charge-state splitting.
n (s,o; R2 ) 1.26 1.26 1.25 1.30

n (pp,,a;R.0 2.65 2.60 2.64 2.57 I1. RESULTS

A. Occupation numbers

ing the scheme of Haldane and Anderson. 2" The The computed occupation numbers for a S site (Ro)
atomic-orbital energies are I and a Si site (R2) are given in Table I. They add to (al-
E(s, a )=E°+ U7 ' n (s,o')+ Up I n (pl,,a) (5a) most) six electrons per S atom and four per Si atom, indi-

eating that the atoms are all nearly neutral in their cen-
tral cells, regardless of the charge state of the defect: theand extra electron of (S,S)) is rather delocalized and spends
very little time in the central cells. A similar situation

E(p ,a-EP +Up, I' n(p.,al)+Up ,n(s,a') , (5b) held for isolated S in Si (Ref. 6) that has virtually the
,' same ocjl)ation numbers n(i,r,R) as (S,S), despite the

where v and # run over x, y, and z, and the prime on the fact that the deep-leve: wave function is qualitatively
summations means that terms with , =a' and v=p are different-being AI in character rather than T 2 derived.
excluded. The occupation numbers n are either unity or (See Table I.)
zero in atoms. The Coulomb integrals U,, U,P, and U,
together with the orbital energies E2 and E0, have been B. Comparison with data
determined for Si and S by fitting atomic spectra. 7

In the solid, the occupation numbers at each site, The principal results of the calculation, as they relate
n(i, a;R), are allowed to assume nonintegral values, be- to data, are displayed in Table 11. These include the
cause charge is more delocalized then in an atom. At charge-state splittings E((S,S)]-E((S,S)+] and
zero temperature, they are expressed in terms of the E((S)]-E[(S)'], respectively, and various measured
defect-perturbed Green's function G =Go( I -Go V)" 1: functions of the hyperfine tensor's components, A, and

At for (S,S) + and Bt and B. for (S)', as computed in
n Ul;R)=(I/r)f Im(i,a,R IG(E)i, o,R) Refs. 1, 2, and 5. Note that all of these quantities are in

- 00 excellent agreement with the data. The p:edicted T2-
+ I (ia,RIvj)12 (6) derived deep level of (S,S)" lies a few tenths of an eV

J below the measured level, a result attributable to the s-p
coupling of the simplified Vogl tight-binding model,

where E. is the valence-band maximum and the summa- which is well known to push the indirect conduction-
tion runs over the occupied bound states in the band gap. band minima of Si down to their experimental energy,
Here the bound states are normalized as follows:2' while simultaneously depressing the p-like T,-derived

TABLE II. Comparison of theory with data for the charge-state splittings E[(S,S)(']-E[(S,S) I and
E[(S)°]-E[(S) + ] for (S,S) and isolated.S deep levels in Si, absolute energy E[(S,S)"J of the neutral (S.S)
deep level (with respect to the valence-band maximum), and various ratios of the principal values for
the hyperfine tensor A of (S.S) I and B of (S) '. The data for A I/ AI and ( A, - A )/(Al + 2A., ) are for
(Se,Se)* because we were unable to find comparable data for (S,S)'. This substitution of Se data for S
data is justified because the S and Se deep levels in Si are known to be almost the same (Refs. 2 and 5):
Both defects' wave functions are Si-danglng-bond-like (Ref. 16).

Theory Data

E[(S,S)OI-E(S,S)' 1 0.19 eV 0.lt eV'
E[(S)(']-E[(S)' ] 0.27 eV 0.30 eV
E[(S,S)u] 0.44 eV 0.98 eV'
A i/B3  0.35 0.371
AIA! 0.95 0.97 for (Se,Se) "
(A - AI)/(AU+2A 1 ) 0.016 0.01 for (Se,Se)eb

'References 2 and 9.
bReferencf. 13.
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deep levels a bit more than th 'ey-should be.22 This ar- TABLE 111. Computed electronic charge d-stribu'-on of' the
tifact of the mode! can be correct-1 by adjusting the a,-,ymmetric mesobonding deep-level state in the fund.:rnental
strength of1 the s*-p .o upling until the theoretical band gap of Si, associated with nearest-neighbor substitutional
isolated-(S)0) deep level Fes at the ex~perimental value of sulfur-0air impuritie:, (S,S)I. The index it rut's over x, y, and z;
0.36 eV-in which case the other quantities of Table II the index R, runs over Rf0 and R1, that is, over the sulfur sites;
are changed very little an~d the tlheorctic,&. 4S,S)) dteep lev- .ijd R,, runs over R, It . R,R 5, R6, and R7: the first-neighbor
el is found to lie at the experimental energy of 0.98 eV to silicon atoms to each S impurity.
within 1%. State Electron charge (%)

Our calculated charge distribution for the (S,S)' deep ts,1S)2/3.
level is given in-Taible III and is essentially (he same as j('jsRS)j3.
that found by Sankey and Dow'-' for (S,S) ;.using a non- ( I(Ppo. RI(S ) 1 /2 1.9
self-consistent theory w'~ich pet ;uced rema~rkable agree-
ment with data. Likewis-t our self-consist-nt calculations I(11P js,R; (Si)) 1 -/6 1.3
foe the deep level of isolated (S) I (Ref. 61 -Agree wkth an 11('P Ip,. R.Si) 1 V6 7.7
earlier non-self-consistent calculation by Ren ii a0i
Thus our theoretical predictions for (S,S)+ and (S)+ are
in a reement with both previous theory and the
data. -0_. vide final resolution of the mesobonding versus totally an-

tibonding controversy.
IV. CONCLUSIONS
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The following anomalies In the (GaSb) 1.xGe 2 z Ra=an data.are simply
explained using an alloy theory and -mi order-disorder phase-transition
model: (I) the discontinuous dependence On x of the Ge-like I. mode,
(ii) the anomalous LO-TO splitting, (iii) the discontinuous change in
the derivative with respect to x of the GaSb-like LO line width, (iv)
the maximum as a function of x of the Ge-llke LO line width, and (v) the,
asymmtries of the LO lines.

In this communication %e report calculations longer tha. the second-nearest-neighbor distance
of the densities of vibrational states for are omitted from the densities of states
metastable, substitutional, crystalline evaluation. The calculations (except for the
(GaSb) l-7e2x alloys [1,21 and provide phase-transiticn aspects) are similar to those
explanations of the following anomalies in the reported for AZxCa _-As [9]; details of the
Raman data [31 for these alloys: (i) the calculational method-and tables of the relevant
discontinuous dependence on x of the Ge-like force constants are available [10,11]. The
longitudinal optic (LO) mode frequency il, (ii) outpult of the calculation is an ensemble-
the existence of a discernible splitting beteen averaged approximation to the density of
the long-wavelength (It-i) longitudinal optic and vibrational states per unit -cell
transverse optic (TO) modes for x<0.3 but not
for x>0.3, (III) the GaSb-like LO-mode width Vr P(fl) - -1 E. 6(n-05),
that increases with x and exhibits a
discontinuous change in d;'/dx at x=0.3, (iv) where N is the number of unit cells and the sum
the Ce LO-mode width W that, as a function of x, is over all eigenodes with eigenvalues 0,. The
Is maximum for x=0.3 and has a discontinuous results for (GaSb)1_xGe2, are displayed in
derivative dW,/dx near x-O.3, and (v) asymmetries Fig. 1, for various values of the composition x
of the L modes that are not smooth functions of and the order parameter H of the phase
xT transition, which is proportional to the average

The calculations are based on a Born electric dipole moment per unit cell. (Recall
von Karman rigid-ion [4] model of the lattice that in this model the LO and TO modes at T.6
dynamics of GaSb and Ge. The alloy fluctuations are degenerate.) Many features of the alloy
are incorporated using the recursion method [5) density of states spectra can be associated with
(executed to 51 levels for 1000 atoms), with the the densities of states of either GaSb or C.:
distributions of atoms on the nominal anion and for x-0.5 we compare the average of the GaSb and
cation sites of a zincblende lattice being Ge spectra with the alloy density of states. In
governed by the zincblende-diamond phase- Fig. 1, we associate deviations from this
transition model with a critical alloy average with "alloy modes" [9) and Identify the
composition x.-O.3 [6,71, as evaluated in a major spectral features with the vibrations of
mean-field approximation [8]. To facilItate the specific bonds in the alloy.
calculations, interatomic forces with ranges Especially noteworthy is the fact that the Ge

optic mode, which is due mostly to vibrations of
Ge atoms and Ge-Ge bonds, has a low-energy Ga-Ge

* Current address: oepartent of Physics and sideband that is discernible in Fig. I for
Astronomy, University of %aryland, College Park, x40.5. The calculated splitting between the Ga-

20752.
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WAVE NUMBER )-' (cm') I ... ...
0 l0o 200 300 - 0o.4(G Sbl_ x G 2x -- Go-Sb E I Ge- e--.

Mmean fie!djheory 0

-- - -X=O.! (M=0.667) Ga-Ga

0.3 Sb-Sb G-Ge I-280 C -

-- 0S:!o.6 X=0.3 (M=O.0031 Go -G -
Go-Sb- FGo-Ge

--- Ge-Sb "o0.3. -' n 6 n 1=Go-Ge
I Sb-Sb- I -Ge-Ge

0.0o!W I1~) 6 XGo-Ge

< 0.6 X0.5 (M-O) 0.0 0.5 1.0< Ge-;b f- r-Ge-Ge X03 GaSb GoSb (GaSb) x Ge Ge.3 _ Sb- Sb.: 
G

0 - " -Fig. 2. Peak positions a2 (in cm-.l) of the Ge-_ oo, l LO- modes v.r.sus alloy composition x,. after
S X=07 (M=O) Ref. [31 (data points). The parallel lines,

co 0.6 X . M 0)-1 through the data for the T.0 =odes asiiciacedz with the Ge-Ge and Ga-Ge bonds are separated by0.3 mostly Ge the calculatcd amount, =7 cm7 [121, with the

X Ge-Ge and Ga-e end points fit to the observed
0.6 -nM O frequencies.

Another feature of the data [31 is the
0.6 X=0.9 ( M= 0) apparent absence of a discernible LO-To1' 1 solittng- {:41 of the .I GaSb-like modes for

x)0.3, although the breadth of the princinal
0.3 J spectral features may rrevent observation ofsmall splittings. Nevertheless, the phase-transition model (7) offers a simple explanation0.0 of this phenomenon: The net average dipole0 20 40 60 moment per udit cell vanishes at the critical

FREQUENCY a (1O12rod/sec) composition 'ic=0.3; as a result the LO-TO
I _ I splitting, which in a perfect crystal is0 I0 20 30 40 proportional to the square f %he dipole moment

[14,151, likewise vanishes [161. In Fig. 3 weENERGY Tin ( meV) plot the theoreticaiprediction foi the ootic
mode obtained from the alloy theory of F1g. 1Fig. 1. Calculated densities of phonon states (with no long-range forces), shifted slightlyfor (CaSb)lxGeix alloys, assuming the phase- (171, and split a oosteriori by an amounttransition model [71 with an order parameter M proportional to the square of the order(solid lines). The dashed line is the average of parameter M (181, to account approximately forthe GaSb and Ge densities of states. Various the charge transfer among Ga, Sb, and Ge atcms.peaks are associated with specific bonds. These simple ideas seem to provide a pleasing
explanation of the data [13).The total width W' of the GaSb-like modeGe and Ge-Ge spectral features is =7cm -1 [121. increases as a function of x, with dW'/dxUsing the calulated splitting and the know Lo changing discontinuously at x0.3 (31. This is1i- mode frequencies in Ge and GaSb (131, we symptomatic of a phase transition with xc=0.3:find an explanation of the anomalous for x>xc the distinction between anion anddiscontinuity in the Ge-like LO-mode position cation sites is lost, which is reflected in the(Fig. 2): .oth the Ge-Ge and Ga-se vibrations GaSb-like LO-phonen line width. The continuedcoexist within the "Ge-like LO peak" at slightly increase in the apparent width of this broaddifferent frequencies 0; in Ge-rich material the feature as x increases results from the GaSbGe-Ge peak is prominent, but in GaSb-rich mode merging with the Ge-Sb features of themateriil the Ga-Ge feature dominates the "Ge- spectrum, as seen In Fig. 1.like LO mode." Hence the discontinuity in the The Ge-like optic mode lies at high energy andplot of the peak oosition versus x is due to is discernihle for x>0; hence it does not mergeswitching of the most prominent spectral feature with a broad continuum of other modes as thefrom Ga-Ge to Ge-Ge. GaSb-like mode. does. Its width is maximum at

L 
':,, 't- ;
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240 -entopy of th&phase-mtransitcon model (for
-Xc=0.3) [7) "writh the Raman line width. The
entropy-mper site (in a "mean-field approximation)

-'Eis [71:
-E

.Z _: LO S(x)/k3 - [(-x-)/2J .Zf(--x+)2j1 + x In x

230+[( 1-x-M)12J "[(l-x.)1,

where H is the order parameter of the transition
0 0 - (71 and k. is Boltzmann's constant. The
'- agreement between the theory and the data is
0 gratifying.
0 .The peak of the entropy at x=0.3 is indicative

of the order-disorder zincbiende-diamond phase
2201 transition with-critical composition xc=.3. ATO feature of this phase-iransition model is that

CLi Sb atoms may occupy nominal cation sites, and
vice versa - leading to Sb-Sb and Ga-Ga bonds.

I i I I [ I Tf the Sb atoms are constrained to occupy only
0.0 0.1 0.2 0.3 anion sites and the Ga atoms reside only on

X cation sites (the "oxi-site model"), then the
theory predicts an entropy that has a maximum at

(GaSb)~ Ge x-0.5 (See Fig. 4) (10). Thus the data for the
2 x total line width are consistent with the phase-

transition model and inconsistent with the on-
Fig. 3. The peak positions S1 (in cm- 1) of the site model.

Raman lines for the GaSb-like LO and TO modes This raises the issue of why the data do not
versus alloy composition x. The solid line is exhibit prominent spectral features associated
,the shifted (17] theory with a Lyddane-Sachs- with Sb-Sb and Ga-Ga bonds (since the
Teller 'splitting [14] proportional to the square appreciable number of antisite Sb and Ga atoms
of the order parameter of the phase-transition predicted by the theory produce such bonds). In
theory [13). particular, a strong Sb-Sb peak had been

expected near 193 cm-1 [31. In fact, the theory
x=0.3. The total width is due to many different (Fig. 1) shows that the Sb-Sb features are weak
modes (including, e.g., modes associated with even in the mean-field approximation to the
Ge-Ge, Ga-Ge, and Ga-Ga bonds) and reflects the phase transition, and they are likely to be
disorder in the alloy. Oualitatively this width weaker yet in a theory that allows for atom-atom
should be a maxim-m (minimum) when the disorder correlations (and hence has fewer Sb-Sb bonds
is a maximum (minimum). Since the entropy is a [191).Thus Fig. I suggests that the Sb-Sb bonds
measure of disorder, in Fig. 4 ;e compare the merely contribute to a relatively broad and
-r- featureless shoulder of the GaSb-like LO line,

E 1.4 rather than produce a prominent peak in the
' 4 0 .0  spectrum.
- IPhase-transition model 1.2 . Finally, we note that the asymmetries of the

300 0.3 GaSb-like and Ge-like LO lines have been

0 0composition x, with discontinuous derivatives
0 0.8 (31. This is symptomatic of the fact that the

" 20.0m0.6 -L lines are composed of features associated withc p ~ 7.-site moe . 0
o - md several different modes: the different modes

E - 0.42 have changing imoortance in the overall line asIO.0 /' LU x varies, and this manifests itself as an
0 0 -0.2 anomalous dependence of the overall line

- 0
0.0 1.0 asymmetry on composition.1" O.0 0.2 0.4 0.6 0.8 1.0 In summary, the main features of the Raman

X data for (GaSb)l..,Gei, once though: to b
(GoSb) (GoSb)1.,Ge 2, (Ge) mysterious and a.:omalous, are naturally

attributed to the combined effects of alloy
fluctuations and an order-disorder zincblende-

Fig. 4. Total Raman line width (in cm-1 ) diamond phase transition [20).
versus composition x for the Ge-like LO mode in
(GaSb)_..WiGeg. Data are indicated by circles. Acknowledgment - Vo are grateful to the
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X-ray diffraction data, ellipsometry data, Raman-scattering data, and theory combine to provide
strong evidence of a zinc-blende-diamond order-disorder transition with t, -O.3, that affects the
crystal, electronic, and vibrational str%!ctures of (GaAs),- (Ge:), metastable, substitutional, crys-
talline alloys. It is argued, based on analyses of extended x-ray-absorption fine-structure data for
(GaSb)1_.,(Ge2),, that the number of anion-anion bonds in these (Aui.BV)..(C1v), alloys is
significant, and requires a theory that goes beyond the mean-field approximat:on.

The proposal"-2 that long-lived, metastable, substitu- ment per unit cell vanishes, and the crystal structure of
tional crystalline alloys,3- 5 such as (GaAs), -x.(Ge 2), and the alloy becomes diamond rather than zinc blende. The
(GaSb),_x(Ge2)x, e.-hibit an order-disorder zinc- V-shaped bowing of the direc..gap data indicates that
blende-diamond phase transition as a function of alloy the critical composition is near x, =0..""
composition x has stimulated considerable interest and The phase-transition model of the alloy, in its first
discussion6 - 11 and some controversy.9- 11 The original form, used only the mean-field approximation, and thus
proposal was motivated by data for the direct energy the theory contained the well-known problems of that
band gap Eo(x) of (GaAs), _,(Ge2)x, which showed non- approximation. In par,*cular, as shown by Koiller
parabolic V-shaped bowing as a function of x, with the et al.,6 mean-field theory, which predicts adequately the
minimum of the V at the phase-transition composition long-wavelength properties of the (GaAs)i_x(Ge 2), al-
x,, near x =0.3 (Ref. 2). In this paper we report x-ray loys, is less reliable at short wavelengths or short dis-
diffraction data,4 ellipsometry data, Raman-scattering tances, and overestimates somewhat the number of an-
linewidth data, and theory which together demonstrate, tisite defects or As-A. bonds to be expected in
conclusively, the existence of the predicted order- (GaAs), -(Ge 2)x. Quantitatively, the calculation of the
disorder transition and its role in determining the crys- order parameter M(x), which is proportional to- the
tal, eiectronic, and vibrational structures of average electric dipole moment per unit cell, 2 is not
(GaAs),-,(Ge,)x metastable ailoys. correct in either the original mean-field theory or the

The idea of the phase-transition model 2 is that for Koiller et al. correlated theory: these niean-field
small x, the alloy (GaAs), ... (Ge,). is GaAs-like (with theories predict that M(x varies as (x -x, )i!, rather
Ge substitutional "impurities"), retaining the zinc-blende than the currently expected form, Mtx)-(x -x, ),6, with
crysta: structure; but for large x, the alloy is Ge-like 13 being the critical exponent (8- 1, assuming that x, de-
(with Ga and As substitutional "impurities"), retaining pends linearly on temperature).' 3  In the limit
the diamond structure. 12 The zinc-blende phase has x---O,M(x) is closer to unity in a correlated theory6

well-defined anion sites occupied almost exclusively by than in mean-field theory. Although these difficulties
As or Ge atoms and cation sites occupied predominantly may affect some of the detailed quantitative predictions
by Ga or Ge. For Ge-rich alloys, however, the of the mean-field theory (as discussed below), the prob-
diamond-structure crystal has Ga atoms occurring on lems with a mean-field approximation do not affect ei-
both nominal anion and cation sites since, in the limit of ther the qu;,itative prediction of the zinc-
x near unity, there are too few Ga and As atoms to force blend'.-diamond phase transition near x, =0.3, or many
the Ga atoms allto align on one "cation" sublattice. A of the semiquantitative predicions of the long-
phase transition must occur between these limiting ex- wavelength properties of these alloys.
tremes, i.e., there must exist an intermediate composi- One experimental signature of a zinc-blende crystal
tion x. such that for x >x., the distinction between structure which differentiates it qualitatively from a dia-
anion and cation sites is lost, the average net dipole mo- mond crystal structu.e is the (200) x-ray diffraction spot,

39 657 0 1989 The American Physical Sc,.:ety
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which must vanish abruptly at a zinc-blende-diamond theory (evaluated in a mean-field generalized virtual-
phase transition, because then the distinction between crystal approximation 2) in Fig. 2. (This edge has been
cation and anion sites vanishes. Thus, if the phase- resolved from the EI --A edge'- by using Lorentzian
transition model is correct for these alloys, for x <x, a fitting, with an estimated-experifiental error of 50 meV.)
distinctive (200) x-ray spot should be observed, but for The experimental results show a drinite kink near
x >x, stich a distinctive spot should be absent. To veri- x, =0. 3, in good semiquantitative agreemen, with the
fy the model, samples of (GaAs),_x(Ge2 ), alloy were theory. 22 Such V-shaped bowing of a band gap as a
prepared on GaP substrates and measured by x-ray function of x in an alloy is a general feature of a phase
diffraction.4 transition (Refs. 2 and 23), and has been observed for the

(GaAs), .. (Ge2), films on undoped semi-insulating direct band gaps of both (GaAs),-.,(Ge,), (Ref. 1) and
GaP substrates were grown 'in a multitarget rf sputter- (GaSb),_.,(Ge2 ), (Ref. 24), with minima near x, =0.3.
ing system, the general features of which have been de- Both theory2 and experiment agree that the amount of
scribed elsewhere.' 14. 5 The key to growing single-phase bowing found for E1 (x) should be of the same order of
metastable alloys (GaAs),-_(Ge,) x is the use of low- magnitude but less than that found for the direct gap.22

energy Ar-ion bomba-dment in order to collisionally mix The data show the El bowing to be about half of the E0
the upper one or two atomic layers of the film during bowing.
growth. (The substrates were kept at 450-550"C during The phase transition also manifests itself in the vibra-
growth.) The detailed sample preparation and growth tional structure of (GaAs),-, (Ge,),, despite the fact that
techniques are~discussed in Ref. 16. Electron channeling the masses of Ga, As, and Ge atoms are all nearly equal.
measurements using a JEOL scanning electron micro- The dis.order of the alloy should influence the width of
scope verified that the films were single crystals, and film
compositions were determined to .+.0.5 at. % by a JEOL
electron microprobe referenced to Ge and GaAs wafers
as standards, using the MAGICIV computer program 17 to .o
make matrix corrections for fluorescence, absorption, a (GoAs),., (Ge,), /Go P
and atomic number. The x-ray measurements employed -.
a high-precision triple-crystal diffractometer and a V1C/ (Go Sb),..(Ge,), /Go As
Rigaku RU-200 rotating anode source operating at 55 2 C b (),
V and 100 mA, and emitting 0.7093-A M o K c 1 radia- 0.6 G A

tion. All samples analyzed were (100)-oriented single .
crystals. 0

In Fig. I we show measurements of the x-ray (200) 0,4
spot int.nsities 1(200) (appropriately normalized) as func. [
tions of alloy composition x for (GaAs) 1=,(Ge, meta- o.2- 0, [- -
stable alloys (grown on GaP substrates) and for E 1 .o i.o

0

(GaSb)_,(Ge2)x (grown on GaAs).4.Is These intensities z 0.01 ,
drop precipitously at the critical compositions x, and 0.0 0.2 0.4 0.6 0.8 1.0
vanish for x >xC: the distinction between anion and cat. Alloy Composition x
ion sites vanishes and the net average electric dipole mo-
ment per unit cell (the order parameter of the phase FIG. I. The measured normalized diffracted x-ray beam in-
transition) is zero. Similar behavior has been observed tensity ratios of the (200) x-ray diffraction spots of
by other workers in (GaAs), -x(Ge 2 )x. 19 Clearly, the x- (GaAs),(Ge:). grown on GaP substrates (circles) and
ray diffraction data alone provide unambiguous and (GaSb)i.,(Ge)., grown on GaAs (100) substrates (triangles in
compelling evidence that the zinc-blende character of inset) vs alloy composmtion x after Ref". 4 We have R-(l, ooj
the crystal structure and atomic geometry disappears 11o ),isO)/(lIooi/14Onj),II.v, where the alloy is tGaAs),..,(Ge.,)

near xc=0.4-as implied by the zinc-blende-diamond or (GaSb)1 _,(Ge2 ), and Ill-V refers to GaAs or GaSb. In all
order-disorder transition theory and previous interpreta- cases, the intensities J,:oo are measured relative to the (400)
tions of the direct-gap data.' 2 (The slight difference be- beam intensities, since only the (200) beam is expected to disap-

tween the value xc t0.4 extracted from the x-ray data pear when the zinc-blende structure vanishes. These ' i show

for samples grown on GaP substrates and x,=0.3 for that (GaAs)_ .. Ge,) and (GaSb)_.Ge), undergo phase

the other measurements of samples on GaAs substrates transitions at critical compositions x, (with x_-0.4 and
is not significant, because x, depend, on the growth con- x,-0.3, respectively) in which the zinc-blende character.-the

S eon distinction between anion and cation sites-is suddenly lost.
ditions.) The experimental data are also in good qualita- The solid lines are smooth curves through the data, and the
tive (but not quantitative) agreement with the mean-field dashed lines are the mean-field predictions for the dependences
calculation of the order p.:rameter, also shown in Fig. of the ratios R on the alloy compositions x tassuming that x, is
1.20 0.4 and 0.3, respectively): R =IM(x)/ [M(x=0)(I-g..)]1 2 .

Ellipsometry data show the effects of the order- (This formula for R uses atomic form factors for GaSb, GaAs,
disorder transition on the electronic structure. The mea- and Ge obtained from Ref. 18 and ignores su,h corrections as
sured energy of the E, edge 2 of 'GaAs)i .,(Ge 2), alloys Debye-Waller factors. Hence we have g =0.257 and g =0.051,
is displayed as a function of x and compared with the respectively.)
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o. 0.0 0.2 0.4 0.6 0.8 1.0
-.4 (GaAs) Composition X (Ge)

-0,5_ _ FIG. 3. Measured full width at half maximum (in cm "1) of

0.0 0.2 0.4 0.6, 0.81 1.0 the long-wavelength Ge longitudinal optic Raman line of
(GoAs) Composition x (Ge) (GaAs),_,(Gel), vs alloy composition (points, left.hand axis) in

.omparison with the entropy per site S(x), divided by
FIG. 2. Measured 'variation of the El edge (Rdf" 21) of Boltzmann's. constant, as evaluated in the Fhase-transition

(GaAs),-,, (Gel), (grown on GaAs substrates) versus aloy com- model (solid-line, right-hand axis).
position x, compared with the theory. To emphasize the "bow.
ing" we have subtracted a straight line from each of the, theory
(solid line) and the data (points) in order to force the variation ic, and vibrational structures of these alloys. Available
to be zero for x = 0 and x = I. data for (GaSb) . (Ge2)., a similar metastable alloy,

also lend support to the theory.a ' 7

Thus the present theory resolves some of the contro-

thi Raman line, both because the Ge toms will bepo- versy surroun ing the original phase.transition theory,.

larized by Ga and' As (activating "forbidden" Rarnan by demonstrating that the . ., A phase transition with

lines and shifting line frequencieS) and because the many x, =0. 3, However, the aspect of the original theory that

different cluster environments of Ge, Ga, and As should has generated the most controversy9 ' t is the prediction

give rise to inhomogeneous broadening of the LO and that the alloys (GaAs),._(Ge), and (GaSb)..(Ge2),

TO modes in the alloy, causing them to overlap (they are should contain numerous antisite defects, that is, As-

separated by only -15rcm - in GaAs). Indeed, the Ra- As or Sb-Sb bonds. References 9, 11, and 28 propose

man spectra show one prominent broad long-wavelength alternative models of these alloys that do nor include the

optic line which, for some compositions x, contains two "wrong" bonds As-As or Sb-Sb. The model in Ref.

discernible peaks (this line was fit using least-squares 28 is a percolation model, with a zinc-blende-diamond

methods to a two-peak model in Ref. 16. Thus, the na- transition composition x. characteristic of a site-diluted

ture of the alloy disorder should manifest itself in the, diamond lattice, x, =0.72."9 The-Holloway-Davis mod-

width of this line: when the disorder is a maximum, we e19 is a modified percolation model, with a calculated x,

expect the linewidth to be a maximum, due to the con- of -0.75. The Kim-Stern model" is a "kinetic" extend-

tributions frorr, the disorder-activated modes and new al- ed cellular-automata model, prcducing x, =0.26 for

loy cluster modes, Thus, roughly, speaking, the growth in the [100] direction and x, <0.18 for spherical

linewidth is a (semiquantitative) measure of the disorder growth. We note that only one of these alternative mod-

or the entropy of the alloy. In Fig. 3 we display the Ra- els, that of Kim and Stern,' t agrees even qualitatively

man linewidth obtained from (GaAs),,(Ge. as a func- with the x-ray diffraction data of Fig. 1.
tion of x. We also present, for comparison, the calculat- Predictions based on the Kim-Stern model for either
ed entropy per site- Sx) of the zinc.blende-diamond the ellipsometry data or the Raman linewidth are not
phase-transition model. 2'  We find that the entropy presently available, but the entropy may be evaluated in
peaks near x, (=0.3) and has a discontinuous derivative an on-site model25 that requires all Ga atonis and Sb
with respect to x at x,, features also apparent in the atoms to remain on their natural sites. This on-site

data . 6 Thus the vibrational states of the alloy confirm model forbids Ga-Ga or Sb-Sb bonds and is, in that

both the electronic evidence gleaned from the ellip- respect, similar to the Kim-Stern model, but is different
sometry data and the crystal-structure evidence provided in that it has no critical composition. The entropy
by x-ray diffraction: (GaAs),-.,Ge,)x. undergoes a tran- determined from the on-site model is in marked
sition as a function of alloy composition x near xC= 0. 3. disagreement with the Raman linewidth data, while the
Similar results were also obtained for the Ge linewidth entropy from the phase-transition models ' 5 has the same
as a function of composition in the related alloy general alloy dependence as the observed linewidths.
(GaSb)i_.,(Ge,)., .8.27 Recent extended x-ray-absorption fine-structure (EX-

The direct-gap data, the x-ray diffraction data, the el- AFS) data'0 yield partial information about the atom-
lipsometry data, the Raman linewidths, and the theory, atom correlations in (GaSb)t_(Gez). grown on glass.
when taken together, all provide strong evidence of The interpretation of these data depends on a number of
a zinc-blende-to-diamond phase transition in assumptions. We assume first that the alloys are on-

(GaAs),._(Ge,)x, and its effects on the crystal, electron- stoichiometry (that is, there are the same number of Sb
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atoms as Ga atoms); that the crystal is of good quality PSb-St, shown as circles in Fig. 4(a), are all between 5%
(that is, that Sb does not phase segregate on the surface and 7%. This result is qualitatively consistent with the
or along grain boundaries); and that there are no vacan- idea. -from the original phase-transition theory2 :that
cies.30 We then extract from the data the probabilities PSb-Sb is nonzero l and implicitly contradicts the cen-
of forming Ga-Sb, Ge-Sb. and Sb-Sh bonds (for de- tral assumption of the Kim-Stern model, that PSb-Sb is
tails, see Appendix A) The results are shown in Fig. 4 zero. Now compare the Ga--Sb bond probabilities
and are compared with those determined from the determined from the EXAFS, data [denoted circles in
phase-transition model using mean-field theory (for de- Fig. 4(b)] with the results from the phase-transition mod-
tails, see Appendix A, and, in particular, Eqs. (A2)]. In el using mean-field theory2 [solid, line (diamond phase)
making these comparisons, we must know the phase- and dashed lines (zinc-blende phase) in Fig. 4(b), with x,
transition composition x, for (GaSb),_,(Ge,), grown on chosen between 0.1 and 0.6. Qualitative agreement with
glass. Since zinc-blende-lattice spots were only seen for the theoretical result is obtained for x, chosen to be
a sample with x =0. 1 (not anal:'zed using EXAFS),' 0 the larger than 0.1, and of the order of that observed in Fig.
EXAFS data used in generating Fig. 4 appear to be for I for (GaSb),-,(Ge,) grown on GaAs: x, =0.3 [long
samples that are all in the diamond phase. With that as- dashed lines in Fig. 4(b)]. If the phase-transition compo-
sumption, the extracted Sb-Sb bond probabilities sition of (GaSb)1_,(Ge2), is indeed x,=0.3, then only

the extracted bond probabilities for Sb-Sb with x > 0.3
are reliable in Fig. 4(a) (see Appendix A), In either case,

0.4 it appears that Sb-Sb bonds do occur with non-
S0.4 ( Ga Sb , (Ge2 ) /gloss negligible probabilities (5-7 %) for compositions x:near

0.5,
O. 0.2 Further EXAFS measurements of the Sb edge would

Iclarify this issue by directly revealing the number of
,.7.......2 Sb-Sb bonds. It would be desirable if these measure-

0 0.2 0.4 0.6 0.8 1.0 ments were made on samples for which x-ray diffraction
x data exist, of the quality o^ Fig. i, e.g., the single-crystal

1.0 samples of (GaSb)l_,(Ge,), grown on GaAs.
Thus the phase-transition mode), evaluated in a

0.8 .k:k,"  ( b ) mean-field approximation, provides a rather satisfactory
description of the lonF-wavelength properties of
(GaA.)l_,(GeP), and (GuSb), _(Ge). As expected,

. .0.6 : the mean-field approximation does nut pro\ide a satis-
. ,factory quantitative description of short-wavele.,gth

10,.. 0.4 . atomic correlations, as determined by EXAFS; and a0.4 theory that correctly predi.ts that number of "wrong"

anion-anion bonds is needed.
0.2"
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be the oriented-pair probability that an atom-i on a cat-
ion site is bonded to an atom j on an anion site. Note,
Pj=PfP )'+ny, where yjj is the difference between a 'PG -. Ge=I . (A6)

mean-field theory (yi =O) and a correlated theory The normalizations for the oriented-pair probabilities are
than The oriented-pairprobability ob y is diferent thus more restrictive than those for the bond probabili-
than the probability ijj of forming a bond between ties: Three probabilities enter Eqs. (AZ) and (A3), versus

atoms i and j: six in Eq. (A5).

Pti=Pij+Pi if i0j The EXAFS measurements") determine the numbers
of Sb neighbors of Ga and Ge, which we denote here as

=Pq1 if i = . (Al) the functions A (x) and B(x). respectively. These func-

In mean-field theory wve find tions are related to the bond probabilities by

Pa-Sb=[( -x)+M 2]/2 for x <x, A (X)=4Pa_ _/( I -x) (A7)

=(I-x)2 /2 forx>xc , and

PG-aG- =PSb-e =X (I -X), B(X)=4Psb--.e/2X . (A8)

PSb-Sb=Pa._Oa =[(I -x) 2-M 2 ]/4 for x <x,(A2 ) Since zinc-blende-tattice spots were not observed in x-
raN diffraction'0 (with the exception of a sample with

=(1-x) 2 /4 for x >x, x =0.) that was not analyzed using EXAFS), we as-

and sursr tor the moment, that all samples were in the dia-

=x 
!",,e. This implies then that

Pi=, (x>¢,(A9)

Now, assuming that all sites are occupied (there are i '1 = Pjf (X > Xc.W

vacancies), we have the following relationship between, allowing us to etract both oriente'dpair probabilities as
.h oiiented-pair probabilities and the on-site protabih- well as pair probabilities from the EXAFS measure-
ties: ments:

SP = P (A3) Ga-Sb = 2 Poa-Sb =2Psb-Ga =( I-x)A'(x)/4, (AIO)

and Poe-Sb = 2PGe-Sb =2PSb-Ge =xB (x)/2, (A 1l)

and, using Eq. (A3),
71 PO = Pic WA)

( PSb-Sb --PSb-Sb =( 1 -x)/2-- PGa-b -PG-Sb

where (A 12)

These extracted probabilities are plotted in Fig. 4 along
Pf= P7 =I . (AS) with the results from mean-field theory, Eqs. (A2). Note

that eSb-Sb is decidedly nonzero and that all the ex-

Similarly, the bond probabilities obey the normalization tracted bond probabi' lities are of the same order of mag-
rule: nitude as the mean-field results.
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The energy-band structure of InN is predicted using the pseudofunction method (a fi:st-
principles, self-consistent local-density scheme). Some significant differences exist between this elec-
tronic strurture and extrapolated empirical tight-binding theory for InN.

I. INTRODUCTION II. ,METHOD

InN has recently been observed to have both a high We employ the pseu.efunction meth,d, which is a
mobility (4X 103 cm 2/V see, Ref. 1) and a band gap in the scheme for solving the on-electron Schridinger equation
visible region 2 (orange, about 2 eV), leading to the sugges- self-consistently in a local-density approximation. Ex-
tion that In I -., GaN alloys may be fabricated into detec- change and correlation are simulated by the Hedin-
tors, lasers, and light emitters in the visible and ultravio- Lundquist potential. 0 Unlike many inmriementations of
let portion of the electromagr.tic spectrum.' While the local-density theory, the pseudofunct-on method uses a
band gap of GaN lies in the ultraviolet region and its real-space scheme for describing local bcading and is
energy-band structure has been thoroughly studied, 5'6 the especially well suited for stud. ing non-free-electron sys-
band structure of InN is not well understood -having tems. For low-atomic-number atoms such as N, it should
been investigated ottly recently, with conflicting re- be more rapidly convergent than schemes that rely on the
suits." 2'7'8  plane-wave character of the solid-state wave functions be-

Calculations of the InN band structure based on cause this character generally results from the ortho-
empirical pseudopotential theory"-2 have produced a fun- gonality of the wave functions to many core wave
damental band gap that, by construction, equals the ob- functions-and the low-atomic-number atoms have too
served value of 2 eV. To our knowledge, the only elec- few core states to effectively produce tl-.2 free-electron
tronic structure theor,' for InN with any proven ability to character necessary for rapid convergence in k space."1
actually predict the b;Lnd gap is~an extrapolated empirical The pseudofunction method h;'s -lements in common
tight binding tl'1 T;, tmoinding parameters deter- with the linarized muffin.tin orbital (LMTO) method' 2

mined by fitting tie 'known band gaps of other 7I1-V and the extended muffin-tin orbit! (EMTO, scheme,',
semiconductors have been used to extrapolate the corre- and can be regarded as a local-den ity-approximation
sponding parameters for InN and to successfully pr,:dict scheme involving a more general basis set than either the
its 2-eV band gap. Tight-binding theor". while predicting LMTO or EMTO bzes. As such, it is, at least in princi-
a good band gap, produces valence bands that are quite pie, an improvement over those inplenientations of
narrow in comparison with the valence bands of empiri- local-density theory. In princi, .e. the LMTO method is
cal pseudopotential theory. These conflicting features of an improvement of the LMTO method, because it in-
the published band structures suggest that more theoreti- volves a more extensive b,,sis set. Similarly the impro~e-
cal and experimental work on InN is needed; Thus a nient of the pseidofunction scheme over the EMTO
genuine 1irst-principles theory of the band structure of method lies in tihe fact that its basis orbitals have not
InN is called for. been subjected to muffin-tin boundary conditions (the ra-

In this paper we present the band structure of IrN, as dial logarithmic derivatives of localized muffin-tin orbit-
calculated using the pseudofunction method"S- i first- als are, by construction. always negati% - at t!ie muffin-tin
principles, self-consistent sche'ne based on the. local- radius).
density approximation. Our re.milts differ in detil.both The pseudofunctio:, m:thod produces (as expected)
from previous empirical pseudo-potential theory'" and rather good electron energy bands and bond lengths--
from tight-binding theory, 7 and indicate the .- ed for results comparable vith those of the best local-densi-y
measurements such as photoemission to resolve :,emain- methods. Fcr example, the pseudofunction valence
ing controversies concerning the electronic stru :ture of bands u' bulk Si agr; e with those computed using the
InN. linearized augmented-plane-wav. iLAPW) scheme14 to
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within tvpicallv a fewtenths of an eV. The computed r1% 6
Si--Si boid length is 2.34 A at low temperature, in excel- > 4

0) 4
lent agreement with-the data. The bulk electronic s truc- 2
ture of AIN (a material similar to JN) predicted by the
pscudofunction method agrees with photoemission
data. 5 The Si(l 1)2X I surface states of pseudofunction a)
theory' also agree with those obtained using a norm- C -4
conserving pseudopotential.' 7  Pseudofunction calculn- -6 .>
tions for a potassium overlayer on the Si(O01)2 X I surface -8 -

found a bond length of 3.3 A, compared with th, exper- A L M I' A H K
imental value, of 3.14±0.1 A (Ref. 19) and the value 2.59
A obtained using a norm-conserving pseudopotential k
scheme.-() Moreover, the pseudofunction method has FIG. 2. Predicted band structure ofwurtzite InN usina'the
been showi to work welleven for problems involving ad- tight-binding method. after Ref. 7.
sorbates of,.atoms such as C and 0,21 which occupy the
same row of the Periodic Table as N. The method is also
computationally fast compared with most others, and has
been used to-,,z,,-pute some very complicated et;ctronic lattice constants c and a which have c/o=1.6114,
structures (using local-density theory): for example, the wNhereas the empirical tight-binding theoryasumed al
electronic structure of solids such as pyrochlore, with 22 ideal c/a ratio of P2 = 1.6330. (ii) We find a direct
atoms per unit cell.2z 'Details of the method are available fundamental band ap of 1.3 eV, compared with the 2-,

in the literature.9  result of tight-binding theory7 and, experinient.2 This is a
well-known limitation of local-density thvory: it pro-

III. RESULTS oduces gaps that are too small"5-- a problem that can be
circumvented, but only with great difficulty. 6 (ii',, Our

Our predicted band structure is given in Fig. 1, andshould be compared with tight-binding theory 7 (Fig. 2. upper valence-band width is considerably wider than theshul b cmpre wthtihtbidig hery(Fg.2) tight-binding width-. 6.8 eV versus 3.5 eV., Here therc' i.
An etmpirical pseudopotential band structure of InN has toghn-biin s theo6.8ica cerus 3eVere thials ben rpored;''butwil no betrate hee bcaue, no unambiguous theoretical criterion determintig which
also been reportecl,' 2 but will not be treated here because, theory is better: practitioners of both local-densityas discussed previously, ',-2 the tight-binding theory is•

as dscused revousy,4' 3 te tiht-indng teor is theory and empirical tight-binding theory would each ar-
definitel%, superior. Our calculations assume the wurtzite Icrystal structure.'24  gue that their preferred type of theory is more likely to

produce realistic electronic structures. In the case of
The major qualitative features of our bands are similar AIN, the local-densitv' 5 2' and tigbt-bidtng~s theories

to those of tight-binding theory; there are only a few gave bandwidths comdarable winhiech ther iehgav badwithscomparable with each other and with
significant quantitative differences. (i) We find small - ,-,bdata.'- 2QThis makes the di.,crepancy between the
splittings at the zone center that are absent from tight- theories for InN particularl. .teresting. The issue of the
binding theory due to the fact that we used the observed cmcorrect valence-band width must be determined experi-

mentally. Nevertheless, we suspect that the tight-binding

12 bands are narrower than the local-density bands because
the off-diagonal tight-binding matri., lements ma\ be un-

10 duly small. These matrix elements are extrapolated from
8 the corresponding matrix elements of other zinc-blende
-,6 semiconductors, assuming that they scale inversely as the

> 4 square of the bond length, Harrisoi's rule,?(' However,
2 Harrison's rule is best applied to interpolate rather than
0 extrapolate: it is known to be crude; and ext r:polations

L _ based on it may not be trustworthy, especiali for InN,
-4 with its large-radius cation and small a"i,,n. tv) Tie

valence-band effective masses are 1.6 and 1.7 free-
~l -6 electron ases (in the directions perpendicular to and

-8 parallel to the c axis, respectively) in the pre.,ent model.
-10 compared wtth 2.7 and 2.7 for idi ug t heory. The
- corresponding conduction-band tnasse. are 0.34 and 0.37
-14 for the present work .,nd 0.59 and 0.59 for tight-binding

A L M r A H K r theory. The tight-binding m:sses are he-:: ier by about
70%, reflecting the flatter bands. TI,, i, just another

FIG. 1, Predicted band structure of wurtzite InN usine the manifestation of the flikelvi flat-band '"obleln of the
pseudofunction method. The symmetry points of the Brilloun tight-binding theory. Assuming these ma,,ses and a static
zone are A =2r/c)(0.0, 1/2), L =t2/a)t I/V3.0,a/2c, dielectric constant of 8.3.-" we obtain shailo%% donor and
M =(2ir/a)(I/i3,0,O), F=(0,0,0, H =t2r/a /(I/. 1,1/3, acceptor binding energies'2 of 0.067 and 0.3 16eV in a h-
a/2c), and K =(2-r/a)( !/V,1/3,0). drogenic (Rydberg effective-mass) model i%-rus 0.11S
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anid',0533, eV in ticht-binding theory--! ,hich often ob- salitgh-binding theory. WVhichI. if eithier, theory is
tains masses 1,00%7 i I. error). The obser% ed binding :ier- correct can be determined by photoemission experiments.
tfics of neutral substitutional donors and acceptors in InIN
are -0.05 eV (Ref. 33) and 0.0V, rpeivl-ACKSOWLEDGMENTs
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ARSTR~rT

'The ohysic-i of deep) levels i,; reviewed, with enhnsis on the otuaittative
physics that ha,4 been elucidated as a result of the ideas of L~annon, Lenglart,
H.1Almicson, Vogl, Wolford, Hsu, Sankey, Allen, and others.

INT ROwl'cT toN

In this patter we outline the physics of deep impurity, levels In
semiconductors, and show that the simple Hialnarson at al. model of deep
le~es(Icnqatttvl rdc the w4,.Ifunctions of subs4titutinnal
ap -bonded deep impurities and explore the chemical trends of deep levstl4; We
show that the HjAlmarson theory, when compared with data, (1) can determine
the site (anion or cation) and symmetty (s-like A, or p-like T2) of a defect,
(it) can eltminite typically 80% or more of the candidates for forming that
defect, (Lit) can suiccessfully predict liow the, energy of the deep level varies
from one impurity to Another And from one hi~iit to another, And (iv) can
predict unexpected Phenomena caused by the docp level. We point out that it is
very difficult to guess from theory and meis'ured energf levels alone if the
defects responsible for the observed levels iv point defects or complexes. We
emphasize that All of the best coyteomporary theories of deep levels are
uncertain by a few tenths of an* eVl, And ihorefore it is not pr'~ctical to
determine which impurity in caus Ing a given level h~i altgning-the theoretical-
and expterimental levels; in outi opinion this theoretical ucertainty is not
likely to he greatly reduced soon, FinAllV we show that the main differences
between the Hjalmarson theory And various other theories (2,31 are (i) how the
host hand gaps Are determIned And (ii) computational costs; The ljalmarson
theory is based on the Vogl at at. empirical iight-hinding Hamiltonian (41"e.
and so fits the hatnd gaps to data, while -telf-cons is tent pseudooocential And
other theories calculate the host hand gaps a Priori, and then perform some
adjustment. As a result, the self-consistent pseudo potentital theories recuIre
o rders of magnitude more ctomputAtionAl effort to obtain comparably accurate
deep leveli; hut these theories can predict total energies better than the
Ijalmarson 'theory. Therefore, to understand the physics of deep levels,
especially for complex defects, the simple Hjalmarsun theory is preferahle;
while the self-..onsistent pseudopotential theories are betterequipped to
handle questions related to the, total enurgies of defects, such as diffusion,

To begin, the discussion of deep levels, we first make two Important (and
apparently self-contradictory) points: (i) Most deep levels art not deep; and
(Ui) Most deem Impurity wavief,,nctions do not depend much on the impurity.

MOST IEP.P L.EVE.L$ ARE NOT OEF.P

Several years ago the definition of a deep level was based on its energy:
a level In the fundamental hand gap more then n.1 eV distant from the nearest
host band edge. In our discussions, we follow 4 jalmarson (11 and uise the term
"deep" to describe localization, a level that Is produced by the central-cell
potential of the defect. Therefore. a "deep level" can lie above the

JUa,A .. Soc. 5y.p, P,cc. Vol.44. 19S &itinol R.omanhl Soc.iy
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cn-uction band edme. and not he -deep" by -,le old definiion.. Scac-
preciely. no-it defect levels that are "deep" by th:e nee lacalization
doffnition are-no: in the band gap. and so have "iega...ve binding -energies"
and are rot -deer by tebe energy criterion.

Ans essentill point Is chatc .cer' hecerovaleat scubstitntioral sp -oded
defect must have both deep levels (due to the centrAl-cell. Potential) and
shaflln-levelsc (due to the )ja g-ranged Coulonb porenctol .isrciaced uitb the
valp'nce difference Z: -Ze-lzr). :!any readerq will, be a.iunded ro_ lean that
coown.n shallow, !mpuritievs, sueji as 5 on a P site in Ga? have enor!,ou-;
central-cell Oefect potentials. = -5 eV- deep, and yet these potentials appear
to Produce effets on only the 10 =eV senle of tpical Shallow donor levels.
(A good order of magnitude vcti~ace of the centralo-ce!l potential is given by
t , difference in the atomic energies of 5 and Pf.. lal hs ag
potentials must have effects on the el. scile - and they do: Tlhe local sn3

bonding of thie impurtt is perturbed by the defect, prodicin; diffarent
energies for the four tetrahedral hondsc, namely Ioujr deep levelsc aetr the
fundamental hand gap. Three are p-like (of I, symmetry and degenerate in a
cetrashedral environnencl and one is s-liki (A1 5 .tr)Thsdeplvs
duse to the central-cill potential alwav exstt near the fundamencal ha-nd Cap
in addition to iv shallow levels. (See Fic. M1..0

if one or more of thn- deep levels falls w-ell within the fundanental
band cip, then the inpurity is termed a "deep impurity". and the level is
"deep-lby the energy deflfnition (Fig. (1)).- If none of these deep levels of a
hecerovalent impurity Iles within the gap, the impurity Is terced a "shallow
imputrity" hecause only its shallnw levels are In the gap. Hlowever, the deep
levels still exist, although thev are resonant with and hbroadened liv the host
hands (Fig. (M1. ror most semiccnductorn. w-hich have small (-! eV) hind g.,es
on the =2n) eV scale over which the spectral strength of the sp bond is
distributed, the majority of defects produce more resonant deep levels than
deer. level.; in the gap. Thus nose dleep levels (by the locstLizatinn definition)
are not deep entirgeticaily.

Evidence supporting this picture is provided by the work of -Wolforel et
at. 151- and Hlsu ec al. [61 on ~,0, and S impurities on a P-site in GaAs,..5P
alloys (Fig. (2)). in Gathe N~ Impurity produce a level energetically
shallower than the shillo-i level of S. As a funczion of decreasing alloy
cnapositlon x, however, the X4 level becomes deep and hih3VeS like the deep ()
level, hut not like the shallow S level. In fact, the .1 level becomes
energetically deep for %=f.M, only to enter the conduction hand for x-1l.2.
Thic ;ahavior Led ;;olford et al. to conclude that %' is in fact a deep level in
a localization sense for ill x, but ties outside the fundamental hand gap,
above the conduction hand edge in rals.

Further cnnfiraion of this picture ha.- been sup-lied for ? in SiC-
alloys, where Runker et al. (7,A] have provided exnierfnental evidence that the
deep level .zssniciated with P descends into the fundamental band gap near
xzin1. (See Fig. (31.)

WAVEFIINCTIONS lNnFlvpE*nE_%T i-- IMPURIITY

A rather sorprising featuzre of Asnv deep level waveftinctions Is that for
iuqpurities At thie same site (anion or cation) with the same symmetry in the
sai~c 4emicnnidlictor, most defe!cts with deep levels in the gat) prodtice virtually
-the .;ame deep level wavefunction. This is domonitrated in Fig. (. where the
A1-symmetric wavefunctionA of S, Se, and Te deep levels in Si, as deter',tned
by, magnetic resonance (91 and by theory -[101 Are plotted versuss the associatced
deep level energy F in the Zan. The data A-lone show that 'he central-cell
g4avcfxinctitons of S5, Se, and Te are virtisally the same; and -the the,rv sbows
that the rentral-cell and first-neighbnr wnvefuinctiong are in agreemvuut with
tie dlata and Almst indenendent of etcher the deep level energy or the defect.
Thus4 the deep-level waveftunction:4 are host-like, not. impuirity-like Ill.
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The host-like character of eeip-level *avefunctiions- could have been
ded.;ced from the. e'pekmenta! fact that: 'impuiities with 'ioamic enen-tes
different by eV all' produce deep levels inthe gap ihai differ, by an order of
magni'tude less, =0 l eV. Clearly the' deep Levels in the, gap are not
tmvurity -like.

A schematic tlluqcratIon,6f the physics of deep levels, foe the case -of .1
on a P site in Cap, is given in Figs. (5) and (6). 'J is more electronegntive
thin R. and soa attracts 'sore elictronic charge to its bondinn level (Pik. (5) ),
cau.sink thi a'ntihnnding level, by orthogonality, to hv-e very little charge on
the, ':-site and a host-like Ga-like wavefunction. In terms; of energy levels
(Fig. (61). the host (,a and P atomic levels exhibit a bond ing-antihbonding
solitting of order v2/(e(. -C0, where v is a Ga-P transfer matrix element. N
cqupled to surrounding CA exhibits a smaller honding-antihonding splitting,
v'./(cG -CO) hc~use the energy denominator is z7 eV1 larger (v is almost the
,same 2or GaNand ra-P (I I). The N-like level -is the bonding "hyperdeeo"
level that lies below the valence band, is electrically itiactive, and is not
observed. The deep level in the gap Is host-like (Ga-like) and antibionding in
character. If we change- the defect from ? (V-0) to S (Vu -5 e7') to N
(Vu -7 eV) to 0 (Vu -Ii eV) to a vacancy (Uz --!(121), the deep level does not
change its energy much (although the hyperdeep level does). A'; a result. A
plot of deep level energy E versuis central-cell defect strength V (or versus
impurity Atomic energy) looks like a parabola with the asymptote being the Ga-
dangling bond energy or pinning energy of Rjalmarson (1]. (See Fig. (7).)

For different sites (anion or cation) and symmetries (A, or TO, the
asymptotes lie at different energies, but sever 'al different impurities whien on
the same site all produce deep levels of A given symmetry within a few tenths
;f an eV of the pinning energy. Since the theoretical accuracy is also a few
tenths of an all, theory can determine the site ind symmetry !5 an observed
level, and can eliminate from consideration ti.nse imruurie~s that Lie more
than 0.5 cV from the obqerve'd level, hut it ca 'nnot definitively assign a level
to a, specific impurity. Such an amproAch identified oxygen and the antisite
de!-ict Asra as candidates for the defect U.2 (121. Moreover, because of the
host-like nature of deep level wavefunctions, most etectronic probes cannot he
of much assistance In defect identification -- probes that couple to the
nucleus, suich as F.'qfOR (91, or to the core etectrons, scd as EXAFS (.131, are
needed for unambigouis identification of defects,

COMIPLE.XES OF DUKICTS

An Interestinr and very useful feature of the theorv oif dean levels as
applied to defect complexes is that the lev't spectrum of A comuplex is v~ery
nearly the sum of the spectra of the complex's4 coinstitutents, 'his rule of
thumb obtained by Sankey 1141 is niot rigorous but (s sufficter.tly valid that
in many cases (0) It is virtually imp-issilet to determine from energy levels
Alone whether the responsible defects Are isolated o~r complexed, and (fi) when
trying to identify defects rn,-ponsible for specific deep levels I:. is often an
adenuate amoroximation to consider only point defects, while recalling that
the point defects so Identified might he complexed.

To see whv comp exing does not Alter deep levels much, consider two
nenurest-neighbor sp;-bonded imputites and their deer) levels. The resulting
"diatomic mol.ecitle" (Fig. (8)) will have (I) the o-like (at) states formed
from the s-like (A ) states of the individual "atoms" and from the p-like (TO's
state'; polarized aogthe spine of the molecule; and (Wi) the si-lik
(e-symmetric) states derived f rom the Tq levels that Are polarized
PerpendiculAr to the spine of the molecule. The*a-lie state,; do not "feel" the
spine of the snl',citle and so have energies virtually identical to thos4e of the
conqtit'utont defect;. Thne c-like qtateq (to a good aporo,:imation) occur at
energits t'.At intorlace the A, and T) levels of Vi;e constitutent defects.
Hecause thes;e Level; Are often within s;eve.ral tenth; of an eV of one another,



77

AS Si TI

CONDUCTION, BAND F 0 CI N St, Pa a2.... I 1eKsc I

- A-symmetric

'- I

W P-site
GaP,

0 E V
VALENCE BAND

I, I I I I I 1 I

-50 -40 -30 -20 -10 0 10 20

Defect Potential (eV)
Fig. (71. Deuo energy levels predicted in (11 versus defect potential for

the Impurtiteq at the ton of the figure for A2 -symmetrtc deep levels of
substitutional defects on, the P-site of GaP, N ote that the ctrve approaches an
Sasymptite.

Conduction an,, d, Barrier height

Er-, * >, '

E F'

,,.t ,, .', /

Valence Bond Fermi Sea

SEMICONDUCTOR 9 METAL

n-type I
SURFACE

Fig. (R), Illustrating how a otrface defect level determines the Fermi
level and leAds to hand-bending and Schottkv harrier formation at a
semiconductor/metal cnntact, as discussed hy Bardeen 1171.



the resulting a-like level structure will he simi lar to that of the-
cfi'tittient defects to within 'A 'few tenth% of an ell.

SCH~OTTKY BARRIERS

These ideas about comPlexing are esnomcially useful for discussing
Schottky bArrie'.- formation 'due to native defects in semi conductors, hocauqe
they greatly reduce the number of native defects that must be considered, A
defect at a q.imicondtictor Surface will have four deep levels. NeAr the
fundamental bane. gap the P-like T2 level3 will not "i'e degenerate, but will he
split by the reduced symmetry of the surface. The .djrface-induced shift of the
hulk Alevel and splitting of the 72level' will he of order 0.'5 eV, and can
cause a, resonant level to descend into the gap. Thiss 'an impurity that is,
shallow in the bulk may he deep At the surface, with levels in the gap.

In general, surface defect deep level spectra may be several tenths of an
eV different from hulk deep levels of the .sme impurity. They will he similar
to the spectra of hulk defect.-YAcAncv pa irs,% however (becaus~e the surface is
effecti vely a shee t of "vAcancies": an impurity At a surface is stirroinded by
three host atoms ani one "vacancy," with the other "vacancies" more distant),
In any case, Allen (1,5) Ms extended the ideas Of Hl41iAlrROnI, VOZI, AndnSAnkey
to treat dean levels of surface defects, following pioneering work by flaw,
S~mith, Swarts, and Mc(.ill 115).

Bardeen 117) and Spicer 1181 recognized (i) that the lowest empty deco
level of a neutral surface defect is effectively the Fermi energy for
electrons at the suirfacn, and (it) that, In electronic enuilibrium, the Fermi
entrgies of the hulk otemiconductor, hulk metal, and semiconductor surface must
all Align for a semiconductor/metal contact. As A result the bands bend,
forming a Schottky barrier, in order to accommodate this Alignment. The
Schottsy b,irrier height is the energy of the conduiction hand edge with respect
to the lowest emot:, surface deep level (Fig. (9)).

In Fig. 110) we show the resulting predictions of Schottky barrier height
versus alloy composition for 111-V semiconduictor alloys, assuminfihat the
surface defect rosponsi~le for Schottky barrier formation is the cation on
anion-Rite native antisite defect 1191. The Agreement with the data'is hettwr
than the Accuracy of the theory.

This the-iry not only explains Schottky barrier formation-in 111-11 Alloys,
it Aao eXlainA the apparent dependence of bnrrifr heigt,: an metal reactivity
12(),211, 4h* Schottky barriers formed when transition metals are depolited on
Si 1221, Gi, and diamond, and numerousR once-ru~zling features of the Schottky
barrier eata (20).

T'HF THE.ORY

The theory of deep levels (1) is it one-electron theory, for a host
Hamiltonian operator MCI with a defect perturbation operator V. The secular
eeuation is

det it - (E-Nnrl V1 . o

or

de, 1I - IdV ~') ('q~ 0

All current theories solve such an equation for the deep level E. Nlfferent
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so

thieories treat the spectral denr itv- operator -61'H)adtedfc oeta
oneritor ) V differently. The -;ipn nf the c .)nriuilo and the dpeetia'oenta
to the integrel In Fq. (2) is different ifF is in the conduc t ion band or
valence hand: the conduiction band states push~ the 'deep level down and the
valence han 'd state-; repel it upward - the balance, between theqe opposing
forces det.,rmineq E. for A theory of deep levels to he succersful this balance
m'ist he coiiect. All theories represent vnbence hand state4 well;, thus the
Issue is the position of the host hand ran and spectral distribution of the
host conduction hand states. )jalmarson solved this problem by usinp tile
empirical tight-bMnding model of Vogl et al. 14) ,for Ii, This model, by
construction, has the correct hand gap and-n spectral distribution that gives
xood- denp levels. Local-den*sity 'theories cAliilate the hand gap, invariahly
find it to be in error by typically 50%, and then adjust nither the gap or the
pieutdopotential in an ad hoc manner. The resulting theories have comparable
validity to the Hijalmiron theory for deep level spectra, biit if the
Psatudopotential theory is based on a local density approximastion, it sh 'ould
hava quperior predictions for total energies. Thun, when we compute deep level
spectra, especially for complex defects, we use 1he IHjalmarson theory; but for
diffusion and total energy calculations we recommend ai local density approach.

The lIJAlusarson theory is easy to evaluate, and pedagogical discuaxslons of
how to do so are Available (23).

We are grateful to the Office of Naval 'Resarch for their continuing
ilipport (Contract No. NnoOA -84-K-03 2) and to our many ckilleagueA who have
provided the Ideas discussed here.
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We review a theory of Schottky barriers that explains the following experimental findings:
(i) observed barrier heights and Fermi-level pinning positions for GaAs. InP. GaSb. AlAs. GaP.
InAs. and other-Ill-V semiconductors: (ii) switching of the observedbarrier heights and Fermi-
level pinning positions for III-V semiconductors as a function of surface treatment or reactivity
of the metal: (iii) alloy dependence of Schottky barrier heights for the ternaries AlltGa,As.
GaAs,,P,, Ga 1 lntP, lnP 1,-As,. and ln_,-Ga,As: (iv) different slopes dEldx for different
metal contacts to AIGaAs. and an apparent cusp in the slope for Al contacts as a function of
alloy composition; (v) observed Schottky barriers for a wide variety of Si/transition-metal.silicide
interfaces: (vi) observed barriers for Ge, diamond, and amorphous'Si:A(vii) observation that
Fermi-level pinning for p.GaAs disappears at the annealing temperature of the antisite defect
As(-,. The theory provides a microscopic realization of the phenomenological defect model of
Spicer. Lindau and coworkers. We find that most Schottky barriers are explained by dangling
bonds - intrinsic dangling bonds for group IV semiconductors and antisite (as well as intrinsic)
dangling bonds for Ill-V semiconductors. Ohmic contacts are explained in the present picture
by shallow levels, which are also predicted by the theory.

Ohm's law usually fails to hold at a semiconductor/metal interface. In-
stead, the current density J is observed to depend exponentially on the ap-
plied voltage V. Observations of this phenomenon extend back more than a
century, bit,the underlying microscopic causes are still controversial. Pro-
posed theoretical interpretations include the following:
(1) Schottky's original model, in which'equilibratibn of chemical potentials
of semiconductor and metal requires charge transfer, resulting in an electro-

0039-6028/86/S03.50 © Elsevier-Sc-ence Publishers B.V.
(North-Holland Fhysics Publishing Division)
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static dipole laver at the inferfaeandabarrier to the-motion of elections.
(2) Bardeen's Fermi-level pinning model [11 in which "surface states" of
some kind result in a barrier that is nearly independent of the metil for a given
semiconductor. Fermi-level pinning can be produced by intrinsic sur-
'face states. metal-induced gap states 42]. and extrinsic states associated with
various kinds of defects. (One expects, of course, that-the '-;,rrier height will
vary with,the metal in the case of metal-induced gap states or metal-atom impur-
ity states.)
-(3) The defect model of Spicer, Lindau and coworkers [3-5], in which'the
Fermi-level pinning; is ,produced by native defects of some kind, associated
with missing anion or cation atoms in III-V semiconductors.

Here we review a theory of Schottky barriers and Ohmic contacts that is
based on Fermi-level pinning and the defect model, in which observed barrier
heights and Fermi-level pinning positions are assigned to particular defects
[6-15].

The electron Schottky barrier height is the difference between the conduc-
tion band edge and the Fermi energy at the semiconductor surface:

=1 -E - EsF.

Within the context of the defect model. therefore, a microscopic theory of
Schottky barriers is a theory of the relevant defect levels that "pin" the Fermi
energy at the surface. For a sufficiently high concentration of defects, the str-
face Fermi energy will lie near the lowest acceptor level for an n-type semi-
conductor, or-the-highest donor level- for a p-type semiconductor. (Further
discussion is given in. e.g.. refs. [6-14].)

In fig. 1, we show our calculated results for the defect levels associated with
antisite defects and vacancies at the (110) surfaces of nine III-V semiconduc-
tors. Many of these levels have been previously reported [6-14]. They were
calculated using the same scheme applied to bulk defects by Vogl. Hjalmar-
son and Dow [16.17], employing the measured surface relaxation [18.19]. In
the following, we will compare the theoretical results of fig. I with the avail-
able observations for Schottky barriers, Fermi-level pinning, and Ohmic con-
tacts on III-V semiconductors.

It should be emphasized that avariety of arguments is used in making our
microscopic assignments of the defects responsible. For example. in the case
of IlI-V semiconductors, we reoard antisite defects as ordinarily more likely
than vacancies for reasons that h::ve been given elsewhere [6]. Also, as men-
tioned below, the variation in barrier height with alloy composition x can act
as a signature of the deiect type. Various experiments provide other valuable
information concerning the identity of the defects; one example is the obser-
vation of an annealing temperature for the Fermi-level pinning on p-GaAs
[21], mentioned below. In short: ouiassignments are based on qualitative ar-
guments. chemical trends. and experimental information v,! various kinds, in
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Fig. 1. Deep levels calculated for antisite defects, and vacancies at (010) surfaces of Ill-V
semiconduttors. As indicated for GaAs. the levels are. left to right, for :,nion.on.eation-site,
cation-on.aniot, .ite. cation vacancy, and anion vacancy. The occupancy of the levels for the neu-
tral charge state is .hown: a full circle indicates the le'el contains 1,o electrons (spin up and
down), a half-full circle one electron, and an open circle no elections. (Charje-state sp,'ttngs
are neglected.) For the In-V materials at the top. several resonances above thi conduction band
edge are also shown. E,, anu Ec are the valence and conduction band edges. Some of these
levels have been previously reported [-141.
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addition to detailedcalculations of the defectlevel§.
Fig. 2 shows the experimental levels for Ge on GaAs(110) obtained by

M6nch and Gani [20-22]. which are approximately the same as those ob-
tained by Spicer, Lindau and coworkers for various metals and oxygen on the
same surface [3-5]. It appears that the acceptor level for the "'cleavage-re-
lated" defect, and the acceptor and donor levels for the "chemisorption-re-
lated" defect, are quite satisfactorily explained by the corresponding levels'for
the antisite defects, GaA,-and ASGa. The theoretical acceptor levels for both
defects are associated with dangling bond orbitals - andsite Ga and Asdngl-
ing bonds. The donor level is derived from a bulk ASra donor'level, only
shifted in energy somewhat at the surface.

Fig. 3 provides a similar comparison for n-type InP [26]. In this case, we
again invoke antisite In or P dangling bonds to explain the experimental data
1for the noble metals. but intrinsic Ga dangling bonds (associated with a P va-
cancy) to explain the data for the more reactive metals. Various surface treat,
ments are also interpreted as producing intrinsic Ga dangling bonds, or pos-
sibly surface impurities. The sh'llow donor level for Vp is explained by the
"deep resonance" for this-defect in fig. 1: Two electrons that would lie in this
condudtion band resonance spill out into the conduction band. These elec-
trons are then bound to the doubly-charged defect site in shallow donor
states, -0.1 eV below the conduction band edge. According to ref. (23] how-
ever, reactive metals can also produce the deeper Fermi energy -0.5 eV
below the conduction band edge.

In fig. 4, we compare the experimental Schottky barrier heights for Au
contacts to various semiconducting alloys with the theoretical barrier heights
predicted for antisite cation dangling bonds. (Recall that O = Es - Es

where Es - defect level.) The agreement is more than satisfactory.
In fig. 5, we compare experimental barrier heights for Al and In contacts to

AlI,_Ga,rAs with the theoretical heights predicted for antisite cation and
anion dangling bonds. (The surface Fermi energy Es. inferred from O = Es

- Es . is plotted.) There appears to be a switching of defects as the alloy com-
position x is varied, with antisite cation dangling bonds providing a good de-
scription of the data for small x (large slope in dEldx) and antisite anion
dangling bonds doing equally well for large x (small dEldx). The slope dEldx
thus appears to a.t as a signature of the defect type.

Other experimental observations also support the defect model' and the
present theory [3-5.20-33]. For example. fig. 6 shows further experimental
evidence that the Schottkv barriers for GaAs are associated with antisite
defects: M5nch and coworkers (21] find that the Fermi-level pinning position
for Ge on GaAs(110) anneals out at the annealing temperature of bulk AsG,.
As mentioned above, the pinning position for Ge on GaAs(1 10) is essentially
the same as that for various metals o' this surface.

Other piroposed mechanisms, such as metal-induced-gap states (2.34-42]
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fitted in ref. [21j by the dashed line), are cited in ref. 1101. The agreement between theory and
experiment, particularly on the right, is fortuitously good since the theory contains errors of se,'-
eral tenths of an eV. It is clear, however, that the theory does a quite satisfactory job of decrib-
inc the behavior of the measured Schottkv barrier as a function of alloy composition. After ref.
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and Ai contacts to a-rich allois and cation-on-anion-sine explaining the data for Al-rich alloys.

Notice that the slope orl tl'x defect level as a function of the alloy composition a" is a signature
of the delect type. This is an example of the fact that the present theory [6-141 provides a micro-
.copic ebplanation of the observed chemical trends of the Schottky barrier height. After ref. (14j.ly; '2D
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intcrnicial transition region separating the metal and :-emikonductor of width d = A and
diele,.iric constant tr, = 1. The present results at,: appropriate to surface defects, whereas those
of ref. [441 are approplriate to bulk defects.
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have great difficulty explaining results like those of fig. 6. Metal-induced gap
states cannot explain Fermi-level pinning at submonolayer coverages [3-5,
20-23. 26, 31], or real world Schottky barriers with an oxide layer between the
semiconductor and the metal. Ampre extensive case against metal-induced
gap states as the mechanism for obscTved Schottky barriers is presented in ref.
[12b].

We-mention that-the present theory assumed a concentration of relevant
defects of -the order of one defect per 100 surface -atoms, in order for the
Schottky barrier to be approximately the same for different metals; (A small-
er defect concentiation is required -to explain Fermi-level pinning for sub-
monolayer coverages [21].) In fig. 7, we illustrate that a 1/100 concentration
can be quite sufficient for surface defects. (The calculations of fig. 7 are-for e
= 1 and d = 5 A. where ej is-the effective dielectric constant and d the effec-
tive width of-the'dipole layer at the interface; the true values of these quan-
titie--are unknown, of course, but we believe!these are not unreasonable es-
timatecs.) Similar results were obtained by Spicer et al. [43] and Bardeen [1].
On the other hand. Zur et al.- [44] find that an order of magnitude higher con-
centration is requ:red for. bulk defects. The present theory is, of course, based
on dangling bonds at the surface.

The results of figs. 1-6 are for III-V semiconductors. In the case of group
IV semiconductors [45-52] - Si, Ge, diamond, and amorphous Si - we inter-

-2D

/
'I

-1.0

L
I

- C /c!ing
Bond

-0.0

Ge Si C

Fig. 8 .Theoretical intrinsic dangling bond levels for Ge. Si. and C (diamond) compared with ex-
perimental surface Fermi-Ie-el po.,-tions inferred from Schottky barrier heights for Au contacts
on these materials. Energies are measured relative to the v',,cnce band maximum E.: the conduc-
tion band minimum at the L ord point in the Brillouin zone is shown at the top. After ref. fl2bl.
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pret-the,-observed'Sch6ttky, barriers in terms of intrinqsic danglink bonds. Rep-
rdsentative results areshown'in fig. 8,,f6r Au contacts. We find the same level
of agreement with the- o bserved'Schottky barrier heights for-numerods SiI
transition-metal-sulicide interfaces.[1 1]. for W and Ni -,crmanides interfaced
with Ge and for Al and Ba on diamond [12a], and for various transition met-
als on amorphous Si [131.

In summary, the present theory explains a wide-variety of experimental ob-
servations for Schottky barriers, Fermi-level pinning, and, Ohmic contacts.
For II1-V semiconductors. the primary pinning agents appear to -be antisite
dangling bonds. For group IV semiconductors. the data are well explained by
intrinsic dangling bonds. In some cases, other mechanisms appear to be in-
volved. For example, the original Schottky mechanism appears to apply for
noble~metals on GaSe [261. where the concentration of defects is presumably
low. Also, the prominent acceptor level for GaSb [3-5] may be due to the
complex (Gasb, V03) [3, 7]. Finally, as-des,'ribed above, we attribute Fermi-
level pinning on p-GaAs to a donor level that is bulk derived and only some-
what shifted in energy at the surface. However, the present theory mainly at-
tributes Schottky barriers, Fermi-level pinning, and nearly Ohmic contacts to
interfacial dangling bonds of one kind ,r another.

We thank the US Office of Naval, Research for their support, whi~h m~ade
this work possible (N00014-S2-K-0447).
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SUPERCOMPUTERS IN SOLID STATE PHYSICS

John D. Dow
Department of Physics, University of Notre Dame

Notre Dame, Indiz.ia 46556

I. Introduction

The role of supercomputers in theoretical solid state
physics has been revolutionized by the development of high-speed
computers and software that facilitatez their use. In less than
a generation, the computer available to the average physicist
has changed from a cumbersome mechanical calculator chat could
barely divide to an electronic wizard that can compute and
display million-pixel pictures continuously. These advances in
numerical computation have changed the character of theqretical
physics from a primarily analytic discigline to a field now
dominated by numerical calculations, gimulacions, and pattern
recognition.

Atomic physics was the first area to feel the impact of
computers: codes fcr solving the Hartree-Fock equations with
confifuration interaction almost rendered approximate analytic
theories of atomic structure obsolete by the early 1960's. Solid
state physics was also dramatically affected by the cc.mputer
revoLution, but the complexity of many-atom solids anpeared,
until cecently, to be an insurmountable obstacle to a fully
nw:arical approach to the structurej of solids. As a result,
thrue separate types of solid state theory have developed: (i)
anaiytic theory, of which :t- theory of superconductivity (1) is
a prime example; (2) numer:cal theory, such as energy band
calculations (2); and (3) simulations, such as Monte Carlo
calculations of electron transport in semiconductors (3).
High-speed computers havd created situations such that he
analytic theories can be evaluated for increasingly realis-ic
models of solids, the numerical theories can be extended to
increasingly corplex solids, and realistic simulations are now
possible. In fact, the theory of electronic structure of simple
solids is now becoming genuinely predictive in the sense that it
is capable of providing valence energy band structures, based on
either a Driori theories or well-established semi-empirical
prescripcions. High-speed computers will certainly cause this
predictive capability to be extended in the near future to more
ccmplex solids. oreover, increasingly complex numerical
theor.es that use the full capabilities of supercomputers are
likely to be developed -- extending the predictive capabilities
cf el.ec:r(,iic scruct.Lre theory to conduction band structures and
to excited states of solids. Thus the advent of supercomputers
guarantees a revolution in solid state theory.
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The purpose of this paper is to speculate how the '?
supercomputer revolution in its early days will affect solid ."

state theory and to sketch a picture of how the supercomputer i
and its less agile cousin, the laboratory computer (4 , will
become tools of the average theorist.

I. Optimal Ose of Supercomputers

Supercomputers are extremely fast and somewhat-complicated .
machines that are most often situated at remote locations.
Software development for these machines is in a primitive state "0
and, as a rule, the machines are decidedly not user-friendly: A
For most users, supercomputers are at distant si?.es and have to
be accessed over phone lines -- this restriction means that they ,
are useful primarily for compute-limited rather than '
output-limited jobs. (A fully-utilized supercomputer will *

compute so many numbers that the output can be digested by S
humans only in graphical form -- and presently available
communications are not well-suited to long distance transmission
of large amounts of graphical output.)

The software and commun.:aticns limitations imply that ,
researchers interested in using supercomputer today should be .?
prepared to spend a few months at the -:percompucer site to LI
learn how to "vectorize" their codes, or they should station a
student at the site to interact directly wich the supercomputer
(and its high-speed graphics), or they should wait until the
plans to develop user-friendly software and high-speed '

communications are further along. Hence, in the near future, the
primary use of supercomputers by solid state physicists will be
for large-scale production jobs on cor-ute-limited programs.
While it is always cost-effective in a narrow sense to use a p.
supercomputer, because supercomputers offer the most megaflops
per dollar, a proper cost-benefit analysis includes the
considerable personnel time spent dealing with software and *'

communications problems. In our experience, the benefits 2
outweigh the costs when supercomp .ter usage apprtaches fifty ,
hours of central processor time or when starionin? a student at
the supercomputer site becomes economically feasible. Therefore, ,-
today supercomputing is primarily for rpsearchers who either (I) :
spend nearly full-time computing, (ii) work near a supercompucer
site, (iii) have research budgets so :mall tha7 they are forced -
to deal with the software and ccmunur.cations problems in order ,-j
to obtain the lowpr computer costs, or (iv) have problems so
large that lazoratory or institutional computers cannot
accom:modate them. Users with lesser needs will find that
personal computers with their superior software (e.g., a Compaq)
or laboratory computers with their aser-friendly and
well-integrated st"tware and hardware (e.g., a VAX, possibly
wich an array processor attached) offer cost-effective research
computing with a minimum of frustration.
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There are major efforts in progress to improve the
user-friendliness of supercomputer software and to. develop
high-speed communications between supercomputers and remote
installations. If these efforts fulfill their advertised
promise, supercomputers will become much more useful and
accessible for casual computations. Nevertheless, in the near
future, most solid state physicists will perform most of their
program development and debugging on personal or laboratory
computers and will transfer large-scale production
computation to supercomputers.

In the next decade we expect institutions such as research
universities to develop balanced, integrated computer networks.
The large universities will own supercomputers, while the
smaller ones will have high-speed data links to supercomputer
centers. Universities will continue to have computer and
graphics centers for handling moderately heavy computation and
for shifting the jobs that dema.nd extremely fast computation to
supercomputers. Individual researchers and research groups will
continue to have laboratory computers dedicated to specific
casks and will use these computers to debug codes that are
shipped to supercomputers for rapid execution. These laboratory
computers will be replaced every five years or so, with the old
computers being incorporated into university-wide networks
designed primarily for student use. All lower levels of computer
usage for research, such as personal computer usage, will also
be incorporated into the same networks.

This picture of the near-term evolution of research
computing into a stratified system, with different strata having
difrerent but complementary functions, is the basis for our
projections of the needs for supercomputers in solid state
physics.

III. Solid State Physics and Supercomputing

Solid state physics is an extremely broad field and there
are many problems in the field that will be solved using
supercomputers. Here we consider only two typical general
problems: understanding the eleccronic and vibrationa
structures of semiconductors. We argue that some aspects of
these prcblems are most efficiently solved using laboratory
computers, especially when one accounts for the accessibility of
laboratory computers in comparison wich most supercomputers.
Nevertheless, there are many interesting research questions that
can be answered only with the help of a supercomputer -- and
some that will require future-generation supercomputers.
Therefore we strongly endorse efforts to upgrade the country's
supercomputing capability, and to make supercomputers widely
accessible to materials scientists and solid state physicists.
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Fig. 1. Predicted electronic structure of the metastable
subsitucional alloy (InP)i.xGe2 , after Ref. (5].

a) Electronic Structure

Currently theorists can predict the electronic structures
of solids with a high degree of confidence if they first know
the sites of the constituent atoms. The calculations involved
can be performed on a laboratory computer if there is some
regularity or periodicity to the positicus of the atomr and il
the atomic geometries are not too complicated. For example. the
band gap of a metastable substitutional crystalline alloy such
as (InP)i×Ge2x can be calculated rather well (5). Fig. 1,
because t is semiconductive alloy is highly covalent and sizr~ar
to well-understood (GaAs),_xGe2x (6). The alloy effec:s can be
treated in the virtual-cryscal or "ama.gamaced" approximation
[7]: the interactions between atoms overpower small differences
in the energies of different atoms, making the electronic
structure insensitive to the details of alloy configurations or
any slight lattice relaxation.
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This pleasant situation fails to hold, (however, (i) once
charge-transfer between atoms becomes important (i.e.., for ionic
solids), or (IU) once atoms in an alloy cluster, together, or
(iLi) in cases such that fluctuations in composition beyond
mean-field theory become important, or (iv) when the fundamental
unit cell of the solid is too large. For such problems,
supercomputers will be needed. Furthermore, attempts to develop
a fundamental thermodynamics of solids and to study
electronically driven phase transitions or defect stabilized
phases using actual electronic wavefunctions will require
massive calculations -- on supercomputers.

b) Vibrational Structure

Predictions of the vibrational structure of solids,
particularly in the spectral neighborhood of the optical phonons
are very sensitive to details of short-range order and hence
will require more computing pwer than corresponding electronic
structure problems. In fact, the phonon spectrum of a simple
random alloy, such as (GaSb)l.'Ge2 , is a superposition of lines
associated with the different bonds (Fig. 2) (81, with the
energy of each line depending on as many as hundreds of atoms
nearest to the bond. To merely solve Newton's equations of
motion for such a single cluster of, say, 1000 atoms requires
diagonalization of a 3000 by 3000 matrix -- in the simplest
model (short-ranged forces, rigid-ions).

There are simply too many different alloy configurations to
include them all If one allows for any one of: anharmonic
forces, long-ranged interactions, atomic polarization, off-site
atomic distortions, finite temperatures, or clustered atomic
configurations, the problem of calculating the phonon spectrum
of this simple alloy for even a few alloy configurations becomes
intractable even with today's supercomputers. This problem
awaits future generations of supercomputers for its solution.
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Fig. 2. Predicted phonon density of states of metastable
(GaSb)1 xGe2

, alloy, after Ref. (8). The dashed line is what is
known as the ?ersistenc approximation.
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IV. Summary

Clearly supercomputers will have a profound effect on the
level of theoretical understanding of solids, especially complex
solids such as superlattices or microstructues. With increasing
supercomputer speed, the solid state theorists will be able to
treat increasingly complex structures in electronic materials
and, before long, will be able to predict the properties of
alectronic devices. As the computing elements become smaller,
faster, more complex, and governed by quantum rather than
classical laws of physics, the laws of quantum mechanics
implemented with supercomputers will become increasingly capable
of predicting the properties of newer, smaller, and yet more
powerful circuit elements. One of the, great dreams of
theoretical physics will be realized: Theory will be able to
predict new man-made electzbnic device structures that, when
fabricated, will have a profound effect on modern culture.
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The energy levels otantisite defects at a GaAs/Ge (110) interface are calculated and shown
to be essentially unaltered with respect to the GaAs valence band maximum by-different
choices of the valence band offset.

I. INTRODUCTION (110) interface between GaAs and Ge is constructed,
The physics of impurities and defects at interfaces and the interfacial Green's function is computed, as dis-

needs considerable development as a result of the in- cussed in Refs. 2 and 4. Then the interfacial deep levels
creasing scientific and technological importance of are computed using the theory of Hjalmurson et al."3

semiconductor superlattices and the ability to fabricate Details of the calculational procedure are available. 4

superlattices with very thin layers (and hence large in- In constructing the Hamiltonian for the interface,
terface-to-volume ratios). Impurities at interfaces are we must know the valence.band offset, because the elec-
known to have different deep impurity levels from those tronic structure theory of Vogl e: al.' assumes that the
in the bulk" 4 because of the reduced point group sym- zero of energy for each semiconductor lies at the va-
metry: C, .6 for a GaAs/Ge (110) interface with its
(1T0) reflection plane, instead of Td, 6 In the bulk, an s-
and p-bonded impurity would normally produce four
deep levels in the "icinity of the fundamental bandgap':
one s-like Ai level and a triply degeneratep-like T, lev- G a Ge
el." The interface shifts the A I level and splits the T, .I
level into :wo nearly degenerate 7'-like a'- and a"-sym- A s 1 e
metric levels5 and a a-like a'5 or a, level.6 (See Figs. 1
and 2.) The splitting of ther z-like levels is due to second- '' "
and more-distant neighbors. A s G e

A number of papers have dealt with the physics of ! "'-

deep impurity levels at interfaces,' 9 although many As G e
more have considered deep levels at surfaces,'"'I One -
feature of interfacial deo levels that has not been ade- G a G
quately explored is how the energies of deep impurities I
depend on valence-band offsets, few of which are known
accurately. In this article we present theoretical results A s G e
bearing on this question, taking as our prototypical de-
fect As on a Ga interfacial site of a GaAs/Ge (110)
perfect heterc.;unction. Interface

II. CALCULATIONS FIG. 1. Schematic illustration ofan Aso, defect at a GaAs/Ge (110)

Our calculations are based on an empirical tight- interface.Thedefect'snearest-neighorenvironmentisthesameasfor

binding model of electronic structure, and they use a As, in bulk GaAs. except forone Geatcm (in solid circle). This one

Hamiltonian whose mtrix elements reproduce the Ge atom will shift the Asc, s.like.-l dep level and split the Aso, p-
kn o n (low ematr) baeendtpsoAs ode Ge like 7, level into a a-like a' level polarized :dong the AsG,-Ge axis.
known (low-temperature) bandgaps of GaAs and Ge. 12 plus a twofold degenerate ..like level polanzed perpendicularl) to the
The defect potential matrix V is constructed using the AsG,-Geaxis.Thea-like illmv-.upmienerg, because G,ismore
rules of Hjalmarson et al.3 The Hamiltonian for the electropositi' e than the As .i,. of bulk GaAs that i replati ! Ther -

like level lies very near the bulk 1% level and is split into a' (higher
energy) and a' levels by the second-neighbor Ge atoms (in dashed

=' Present address. Texas lnj,:ruments. Richardso:.. Texas. ctick'. The .riter,'ice beteen GaAs and Geis denoted by a chained
bi Permanent address. line.
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GaAs/Ge (110) theenergiesofthesethreelevelsarefixed relativetothe
valence-band maximum of GaAs and are independent

ta) ( of the band offset. (See Fig.2.)

This result can be understood rather simply: The
..... .primary effect of replacing half of a GaAs cr'stal with
"I ............. T Ge, from the point ofview ofan interfacial As03, results

01:' -_ o'ts _ .76v from the replacement of the defect's neighboring As
I .73 --. 1 atom bv a Ge atom. The Ge atom perturbs the bulk

. j . . .V 0S deep level with a perturbation potential whose size
can be estimated as roughly the difference in Ge and As

AsGo AsGO s-atomic orbital energies,' - of order 3 eV. The resulting

GaAs Ge GaAs Ge level shift is considerably smaller (by almost an order of
magnitude), however, because oni3 a fractiln of the

FIG. 2. Predicted cnerey levels near the fundamental bandgap for the AsG3 deep-level wavefunction overlaps the Ge pertur-
Aso, defect in GaAs at a GaAs/Ge interface. We assumed ba-nd off- bation. 9":° (Recall the first-order perturbation expres-
sets of (a) 0.73 eV' '5 and (b) 0.41 eV.Y Dashed levels are resonant sion for enemy shifts.2 ) This fraction is even smaller for
with the bands of either GaAs or Ge.

the .- like a' and a' states than for the a-like a' state.
Therefore, although the perturbation associated with

lence-band maximum. For GaAs/Ge, which is thought replacing As by Ge is of order -3 eV. the resulting level

to be a type I heterojunction, the valence-band maxi- shifts are about an order of magnitude smaller: 0.1 eV
for the i-like states and 0.6 eV for the a-like state. Fur-mum of Ge lies at higher energy by AE,. than that of throcaneinbdofstfodr0. Vhul

GaAs (at, the conduction band minimum lies at lower thermore, changes in band offset of order 0.3 eV should

energy). The value of the band-offset AE,. is controver- be viewed as changes in the perturbation by Ge of order

sial, however. Therefore we repea: our calculations for 10% and therefore 0ause -t 10% changes of the already

each of two commonly cited theories of band offsets: small level shifts: only 0.01 to 0.06 eV-a negligible few

i) the Frensley-Kroemer theory, which predicts hundredths of aa eV.

AE,. = 0.73 eW5 and (ii) the Harrison theory, which Ill. CONCLUSIONS
predict- AE,. = 0.41 eV.' There have been numerous
other theories of band offsets, such as the electron-affin- Therefore we find that the deep levt 1s of interfacial
ity rule," including some very recent ones"; but none defects are different from the deep levels of the same
can be considered quantitatively reliable, since the defects in the bulk, and that, when measured rdative to
many-electron and latticc.-relaxation effects omitted the valence-band maximum of the material in which
from all of these theories typically account for:: eoreti- they reside, are (to a good approximation) independent
cal uncertainties of several tenths of an eV. Neverthe- of the energy of the valence band edge rf the other mate-
les.,. the values AE,, = 0.73 eV and 0.41 eV span a rea- rial and the band offset of the heterostructure. These
sonable range of band offsets and will serve the purpose results, although obtained for an As03 defect at a
of displaying aiy significant dependences of deep levLls GaAs/Ge (110) interface, are more univcrcally valid
on .AE,,. and can be expected to hold in genera, for substitutional

We calculate the deep le% els associated with interfa- interfacial defects at perfect semiconductor interfaces.
cial Ga and As antisite defects in GaAs at a GaAs/Ge
(110) interface. For all choices of the band-offset AE,., ACKNO'.'LEDGMENT
we find that the deep levels of GaA$ lie distant from the One of us (J.D.D.) thanks the Departmen, of
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The energy band-structure of wur-zite-structure semiconductive in,; is
predicted using empirical nearest-neighbor right-binding theory. The
tight-binding parameters are extrapolated from those of zincblende InP.
InAs, and InSb by using empirical rules for the dependences of the
parameters on-bond length and on row of the Periodic Table. The
predicted band gap is direct and agrees-well with the data for this
potential orange light-emitter. It is.tsuggesied that zincblende InN,, if
it can be-grown, also will have a band-gap near 2 eV.

I. Introduction The on-site matrix elements E for Irn were
The recent successful growth [1-3] of determined as follows: The three matrix elements

high-mobility. polycryscalline InN with a direct of InP (Row 3 oZ the PerioIc .Table), InAs (Row
fundamental band gap in the orange part of the 4), and InSb (Row 5) defined a parabolic
spectrum (2.05 eV (21) suggests that this new function of r, where r is the Row of the
material might-some-day be fashioned into large Periodic Table. We took the value of this
band-gap solid state lasers. It is widely function for r - 2 to be the on-site matrix
believed that ll-V materials are more easily element for InN. As expected, :he resulting
doped both n- and p-type than the large band-gap matrix elements for the N-site were only weakly
II-VI semiconductors, and so a 2 e-gap Ill-V dependent on r, and the In-site matrix elements
semiconductor such as InN may find exciting reflected the same chemical trends as the atomic
applications as a visible light-emitting diode orbital energies w2 [8.101. (For a tabulation of
and laser. To stimulate more research on the those energies, see Ref. [8]..)
optical properties of InN, we present here The off-diagonal macrix elements V were
predictions of its energy band structure, assumed to follow Harrison's rule [11]: They ate

The predicted band structure is based on - a proportional to the inverse square of the bond
neare;=-neLghbor' empirical tight-binging model length [9], and were obtained by multiplying the
of wurzzite semiconductors, with an sp basis at
each atomic site [4-6]. This model has
successfully described the electronic structures
and deep impurity levels of a numoer of other TABLE I. Tight binding parameters (in eV) for
-rtzice semiconductors with large, indirect Intl in the notation of Ref. (6]. The parameters
fuadamencal band gaps (6,7]. The basis set are the same for wurtzite and zincblende
consists of one s and three p orhicals centered structures; for the zincblende structure there
on each acomic site. Hence the Hamilconian are additional parameters associated with the s*
matrix, for fixed wavevector 14, is 16x16. This orbital [7].

- matrix is displayed explicitly in Ref. (6].

2. Band structure of wurczite InN
To-decermine the band structure of InN, we E(s,a) - -7.0721

must first decermine the tight-binding E(p,a) - 0.7531
parameters, namely the diagonal matrix elements E(s,c) - -0.6766
E and the off-diagonal elements V (6], and then E(p,c), - 4.0306
diagonalize the Hamiltonian matrix. We obtain V(s,s) - -5.1158
the tight-binding parmeters for vurtzite InN V(x,xj. - 1.7511
from chose of zincblende InP, Iw.b, and InSb, V(x,y) - 3.8027
because the zincblende parameters are known (and V(.a,pc) - 1.8009
exhibit chemical trends) (8] and the V(pa,sc) - 5.3898
nearest-neighbor environments of the two crystal
structures are virtually the same (9].

0749-6036/87/040365+05 $02.00/0 © 1987 Academic Press Limited
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I k

A HL
L\ K

r M

(a) (b)
Fig. 1. Brillouin zones of the (a) wurzzite

and (b) zincblenda -crystal structures.

Wurtzite InN
6.00

4.00-

a,2.00-

>% 0.00 -

c-2.0 0
C

-6.00-

A L M rA HK X P

Wave-vector K
Fig. 2. Predicted band structure of wurtzite

InN.

InP values b.y the square of tha ratio of bond direct fundamental band gap of 2.2 eV (a: low
lengths for InP and InN, temperature). compared with the experimental

Te resulting parameters are presented in value of 1.9 eV at room temperature (21.
Table 1; the Brillouin zone of the wurtzice Considering that the theory obtaiins a 2 eV gap
structure is in Fig. la (121, and the predicted by scaling parameters for InP, InAs, and ln~b.
band structure of InN is displayed in Fig. 2. all of which have considerably smaller band gaps
Our band structure is in good agreement with (1.41, 0.43, and 0.23 eV, respectively), tche

the principal experimental fact [1]: we find a agreement with the data is remarkable.
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10 s ignificant qualicaci~e and quancitative
I:differences -bedvieen cur bands and the

8 I I pseudovocenrial bands (Fig. 3). and we hv
I I - reason -to believe chat the tight-binding band

6 I Istructure is more realistic 114]. Based onI i i - experience uith zincblende (1 and Che ocher
> wurizite_ [6j semiconductors. we expect our

Q 4 valence bands and the lowest conduction bands to
mimic the real band structure rather well, up t6

2 3 eV above the valence band maximum.
> . We propose that experimental studies of

0I wurtzite in%;. including angle-dapendent
Iiphotoemission and electron energy-loss

I pectroscopy. be initiated co resolve the2 discrepancies between the two theories and to
W 4determine the correct band structure of this

potential orange light emitter.

-8 3. Zincblende In.1

A- I-M r A H K r! It is interesting to speculace about the
prope _,ties of zincblende-structure IMN, on the

Wave-vector k grounds that it might be possible co' grow
metastable zincblende InN in a layered

Fig. 3. Band structure of wurtzite InN, after structure, muich as zincb'lende ZnlXnxhse was
Ref. [1]. for comparison with Fig. -2. grown between 1 ZnSe-layers for 0.3 < .n < 0. 7 by

Koiodziejski et al. (15), despite its preference
for the wurtzite phase for 0.3 < x < 0.6.

The general structure of the valence bands is Because of the small covalent radius of N, few
similar to that obtained both experimentally and of the common semiconductor materials lattice-
theoretically for ocher wurtzite semiconductors nacch well to InN; for example. SiC, A2.4, BP.
[13). lending further credence to the results. GaN, and Si have bond-length mismatches with InN
We are aware of only one calculation of the of 14%, 13t, 9%. 81, and -8%, respectively.

band structure of In!. rhat predates this work, a Clearly the stabilization of the zincblende form
calculation based on the empirical of InNq in a suitable irtificial layered
pseudopotericial m. hod (1.21. There are structure represents quite a challenge.

Zinc -blende In N
6.00-

0.00-

>. 2.00

-6.00

-8.00
L r' X r

Wave-vector K

Fig. 4. Predicted band structure of zincblende
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In the hope of stimulating efforts to grow suggestion-thar we predict the band structure of

zincblende InN we have predicted in Fig; 4 its zincblende InN. We think 3.-H. Tsai and N. T.

band structure, using the model of-Vogl ec a!. Christensen for their commenr: on the manuscript

13), with the s and p 'Hamiltonian matrix and for comnunicacions concerning their
elements of Table I and s* matrix elemencs [7) ocal-density calculations of InN band

obtained by the same method of extrapolation itructufes. We also want to thank M. A. Bowen
used for the wurtzite matrix elements. (The for .hafdling -the editorial chores concerning
zlneblende BrillouLn z one is-displayed in Fi&. this manuscript.
lb.) The fundamental bend gap is the-same in the
-incblende structuse as in the -urERite

structure for the sp urtrite nearest-neighbor REFERENCES

tighc-binding theory and the sp *Vogl model of
the zincblende structure, namely 2.2 eV, or [I3 T. L. Tan-ley and C. P Foley. in Proc. 3rd.

Internati. Conf. on Semi-Insulatint III-

2 Egap - E(s,a) + E(sc) - E(pa) - E(p,c) Materials, Varm Springs. Oregon. 1984. Ed J.

Blakemore (Shiva, London) pp. 497-500.

+ [(Z(s.a)-9(sc))2 + 4 V 2 
]1/2 [23 C. P. Foley and T. L. Tansley. Phys. Rev. B

( ) ') +) 33, 1430 '1986 . The room temperature band

+ [ (E(p,a)-E(pc))
2 

+ 4 V 2 1l/2 gap-is abo-ur 1.89 eV, but appears larger due
x*x to a Bur-:ein shift. Here we compute the

Here we have used the notation of Ref. [83. low-temperature gap, which should be

One unique feature of the predicted band slightly larger than the room-temperature

structures is. the width of the valence bands, gap.

which for both wurtzite and zincblende InN is (3) See also C. P Foley and T. L. Tansley, Appl.

about half what one finds for other similar Surf. Sci. 22, 663 -(1985); K. Osamura. S.

semiconductors. These narrow widths may be an Naka, and Y. Murakami, J. Appl. Phys. 6,

artifact of the model, however: for example, a 3432 (1975); V. V. Sobolev, S. G. Kroic-ru,

similar tight-binding theory of AIN produced a A. F. Andreeva, V. 7a. Malakhov. Fiz. Teh.

valence band width larger than subsequently Poluprovodn. 13. E 3 (1979) [Engl. trans..:

predicted by the local-density pseudo-function Soy. Phys. Semicond. 13, 485 (19:9)1; V. A.

method (161. In this regard, we note-that Tsai Tyagai. A. H. Evstigneev, A. N. Krasiko, A.

et al. (171 and Christensen [181 have very F. Andreeva, and V. Ya. Malakhov, Fiz. Tekh.

recently independently communicated to us Poluprovodn. 11, 2142 (1977) [Engl. transl.:

local-density band structures which feature Soy. Phys. Semicond. 11, 1257 (1977)1- K.

broader valence bands. Local-density theory, Osamura, K. Nakajima, Y. Murakarl. r. H.

however, generally produces a fundamental band Shingu, and A. Ohtsuki, Solid State Commun.

gap that is much too small, and so the issue of 11. 617 (1972); and B. R. Nataraj.n. A. H.

which theory is superior should be resolved Eltoukhy, and J. E. Greene, Thin Soltd Films

experimentally. We do note that we can adjust 69, 201 (1980).

the parameters of the model to obtain broader [4 R. W. Wyckoff, Crystal Structures, Vol. I

valence bands while retaining the 2 eV gap, but supplement V. (In:arscience Publica:lons,

such adjusted parameters would noc have the a Inc. New York. 1960'. InN has a wur:zite

priori status of the present parameters. Such structure-with lattice constants a - 3.533 A

adjustments would not greatly affect predictions and c - 5.693 A.
for either the band gaps of InN-based alloys [5) J. C. Slater and G. F. Koster, Phy:. Rev.

(such as In1 xGa N) or the electronic states 94, 1498 (1954).

near the fundamencal band gap associated with [63 A. Kobayashi, 0. F. Sankey, S. H. Volz, and

localized perturbations, such as deep levels J. D. Dow, Phys. Rev. B 28, 935 (1983).

(19). Therefore, the model should prove useful, (7) For the zincblende structure, therc is an

even if it is shown to predict valence bands extra s* basis orbital not included in thi.

that are somewhat narrow. wurtzite basis. This orbital has the
function of couplinS to the loer-lyinp
p-s:ates and serves to depress the indirect

4. Summary conduction band minima, a feature -ha: is

In summary, InN in either the wurzite or the important for small band-gap i:direct
zincblende form is expected to be an Interesting semiconduc:ors, such as S!, but nac for
optoelectronic material with a band gap in or larf,e-gap InN. Her, we have usced the

near the orange part of the spectrum. It would following parameters associated with the s*
be interesting if either of these materials stace: £(s*,a)-9.0138 eV, E(s*,c)-6.4154 eV,

-ould- be grown with electronic-grade quality, V(s*a,pc)-2.4807eV, and V(s*c,pa)-3.2109eV,

and the predictions of this paper tested, in the notation of Ref. (8).
(81 P. Vogl, H. P. Hjalmarson, and J. D. Dow, J.
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the generous support of the Office of Naval (9) In a wurtzice structure all nea~est.neighoor
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so we assume that the bond lengths are points (K - (2x/c)(0.0.1/2)). lead us to
equal. prefer the empirical tight-binding results.

[10] Indeed, after using this method for We adtempted to fit the band structure.-6o
extrapolating the tight-binding parameters Refs. [11 and [2] with an empirical
first, we tried other extrapolation schemes tight-binding theory. and were unable to
based on atomic energies and nuclear obtain a satisfactory fit. as judged by our
charges, and found band structures that experience fitting calculated band
either were comparable with the ones structures for other wurtzite
presented here or featured fundamental band semiconductors. The band structure cf Ref.
gaps in disagreement with the data. 12] appears to have agreement at the two F

(ill W. A. Harrison, Electronic Structure and the and the two A points, but seems to be
Properties of Solids, (W. H. Freeman and missing a band-from A to L.
Co., San Francisco. 1980), p. 47. (15] L. A. Kolodziejski. R. L. Gunshot, N.

(121 See, for example, C. Kitcel, Introduction to Otsuka. B. P. Cu. Y. Hefectz. and A. V.
Solid State Physics, fifth edition (J. Wiley Nurmikko, Appl. Phys. Lect. 47. 1482 (1986).
and Sons. New York. 1976). (161 R. V. Kasowski and F. S. Ohuchi. "Electronic

(13] See, for example. Ref. [6] and references structure of Cu overlayers on AN," Phys.
therein. Rev. B; to be published.

114] The number of bands predicted in Ref. (1], (17] 1.-H. Tsai. D. W. Jenkins, J. D. Dow. and R.
the general structure of the valence bands, V. Kasowski, "Pseudo-function theory of the
the absence of a relative minimum of the electronic structure of InN," to be
conduction band within 2 eV of the .t published.
conduction band edge. and the lack of (18] N. E. Christensen, unpublished.
agreement of the displayed bands of Fig. 3 (19] D. W. Jenkins and J. D. Dow, unpublished.
at the two F points (k-O) and the two A
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The X-ray photoemission, absorption, and emission spectra of a one-dimensional. one-
orbital-per-site model of an ordered binary compound AB and its disordered count,.arts
AI.,BI.,BA are calculated. With increasing x, the band gap of this model changes from
bein& !arge (;nsilating) to very small (semiconductive). Final-state interaction efrectc thzt
produ., elec:.'o,.ic excitation of valence electrons across the gap are incorpor.:cd in a
change-of-mean-field approximation. The spectra exhibit sidebands associated with
disorderane distinctive features associated with the characterof the one-elevtron states and
excitor ic states.

1. Introductior

In this paper we report calculations of the X-ray photoemission. absorption,
and emission specra of L one-dimensional model of an ordered diatomic
compound AB, and of its disoidered counterparts AXBXB r., with various
concentrations x of antisite defects. With increasing x this model changes from
having a large band gap (an insu!ator) to having a sufficiently small gap and den-
sity of states in the vicinity of the Fermi surface that it is semiconductive. T'..
calculations are based or a one-electron and one-orbital per size tight-binding
model, and incorporate many-elec'ron final-state interaction effe-ts in - chat.ge-
of-mean-field approximation.' To our kncwledge, this is the first treatment of a
model for such muiti-electron processes in diatomic compounds, either ordered
or disordered.

2. Model

In the change of mean-field model, we treat only the valence ar.d conduction
electrons, which in the initial state for X-ray photoemission are described by the
N-electron !-Iamiltonian

1483



1484 Ml A. Bowen & j. D. Dow

where we have the Light-lNndin, one-electron Hamniltonian

M
h,= 7H(;,) In) (nI+,61n) (n -'1 I+,6;n +lQ~ 2

11

Hereijn) refers to the orbital at the n-th site of A'!sues, eQn) is either LA ores8 , and f
is the transfer mnatrix element. For the disordered solid, S(n) is Z with probability
I -x and eB with probability. if n is even; e(n) is Ls with probability I -x and LA

with proballility x, if n is odd. For the ordered solid, we have =0.

The final-stare Hamiltonian is

HF= 7h~, (3)

where 11, is identic- to hi, except at ?he site R of the core hole -- which has an
additional electron-hole inter?,ction termn = VO IR) (RJ , with J0 < 0 . The initial
many-2lec%.ron state 1!) is a Slater determinant of the N lowest-energy single-
parlic:_ cliiital eigrvfuitioais :) of h. The var~ou.- final-states IF%-' are deterrni-
nants of A eigtenfunctions IVt) c,&-h'.

Here we consider onlN a sk:gle-spir chanrnel (-ip), -because the effects of the
spin-cO"wr. channel car be included a posreriori by convolution' and merely serve
to asymmetrically broaden the single-channel spac-i-a slightly, without aIkering
the essantia; physics. Hen,-e. ii, this paper, the number of electrons Nis hahthe
r..;mber of Vic~~; the F rmi er.ergy is halfway betwveen LA and eB, which we

defii~e 'o be zcru: LA = --rc.

In the chang'-*of-Lncan-field mwipel the X-ray photoemission spectrum (XPS)
for photoelectrrns )"cnergy E is

E)=YI/(I!Fi' :: J(E + E,:, -Lj (4)
V

Here EF, anc. E, a-e the final- and initial-state en.-rgies of the conduction elect-on
gas and Loeis t',.. core hole energy relative to the center of the conduction band.
The XPS rec,il energy is

where the sums, are over occupiod final- and initial-state single-particle energies.
Likewise the X-ray emission spectrum fos photons of energy E is

gE) 7,I(Fi'iA~jI)j 6(E - E, + 4.) . (6)
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where the initial state I) is a determinant of N + I IV)!s, and the various final
states IFv) are configurations described by determinants of N!s)'s and on." core
orbital:

,(R) V/2 (R) ... u.,(R)(',.,I ',)

(Pv lVfI) = MO (.0, 2I q1) (7)

(0VNkV/I) ... W V.)

Here (OIy') is a scalar product, R is the core.hole site, and we have assumed that
the core radius is negligible2 ar.d Mo is a constant. A similar expression holds for
X-ray aborption. 2 3

We have the sum rules for XPS'

j I(E) dE= , (8)

and for emission'

fl K(E) dE= Mo' ZjI q/i R)12,  (9)

where the sum is over occupied orbitals of the initial state.
The' lineshapes we display are ensemble averages (denoted by << .... >>) over

all core hole sites (typically I000 such sites); e.g.,

X(E) -<< Zj(F !MI)' Mo-' (E - Et + Er) >>. (10)

The procedure for executing the calculations has been described elsewhere 3'4.
Briefly, we have directly diagonalized the Hamiltonian for N = 20 electrons and
M = 40 sites, with the core-hole site bein:g one of the ten innermost sites.

3. Results

The results of our calculations (forf -fl 1/2, Vo = -21fl, es = 21fi , and
e,= -ea) are given in Figs. I and 2, 3 and 4, and 5 and 6, for X-ray
photoemission, X-ray absorption, and X.ray emission, respectively.

The... spectra can be understood by rer erring to the density of state 5' " (Fig. 7),
which feature a filled A-like valence band and an empty B-like conduction band
(for x = 0) which both develop sidebands associated with antisite defects (e.g.,
ABAAAB) and clusters of defects as a r,:sull of disorder (for x # 0). For sufficient
disorder (x > 0.1) the gap between the valence and the conduction bands becomes
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47

u.l
-

-3.0 -1.5 0.0 1.5

E -iw ecore ) /1 8 1

ig. 1. Predicted X-ray photoernission spectra for core excitatioz' of the A-site as a function of the
emitted electron's energy E for A,B-,B A, forx - 0 (solid line), forx - 0. 1 (dashed liie), x - 0.2
(dotted), x - 0.3 (dashed-dotted), x - 0.4 (dash-double-dotted), and x - 0.5 (double-dash dotted).

4

-2

0 _________ .. J ~~

-3.0 -1.5 0.0 1.5

(E -h icq-ore )/ 2 1
Fig. 2. Predicted X.ray plotocmission spera for excitation of the B-site, as in Fig. I.
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2

-1.5 0.0 1.5

( E+,core )/2 1

Fig. 3. Predicted X-ray absorption spectra X(E) for excitation of a core level at the A-site, as in Fig. I.

2

>J
.-. I

X I

-1.5 0.0 1.5

E +Ecore )/ - 1

Fig. 4. Predicted X-ray absorption spectra X(E) for excitation of a core level at the B-site, as in Fig. 1.

very small, That is, the disorder converts the model material from insulating to
semiconductive.

Further aids to understanding the spectra are Figs. 8 and 9, which display for
the ordered diatomic materi:., AB the total density of states, the local densities of
states at the A and B sites, and the hole-perturbed densities of states at the A and
B sites. Note that the hole-perturbed local density of states at the B-site has two
bound states, one associated with each band, but that at the A-site there is only an
A-band bound state.
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2

, 

oi 1 .4 ~

-4 -3 -2 1-I 0

(E + Ecore )/21 1
Fig. 5. Predictea A-site X.ray emission spectra X(E), as in Fi;. I.

2

LdIbJ'

E + 
I 

Fig. 6. Prediced B-site X-ray emission spectra (), at i Fi. .

a) XPS pectra

The X-ray photoemission spectra (XPS) for creatit, n of a core hole at site A

(F ig . l) e a c h h a v e a la rg e p e a k [a t (E -
I)- e .,/ 2 j f[= 1 a sso ia te d w ith

photoemission from the core. For x -= 0, this peak is symmetric. There is a low-

energy sideband [at (E' - hoa)- , )21,fli 2.5] cor:esponding to accompany-

ing excitations of the electron gas from the bound state of he (fill ) A band to

the empty B band (see Fig. 9). For x 0, the structure near (E - ti--e ,j

--2 1i corr .sponds to disorde Xr-activated excitations from near the top of the
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A B

-~1.0-

A

c 0.5 -
C'% . ,' , i I i ,-~ I

0

4- ' iiiS0.51\J

0 I2

Fig. 7.. Broadened densities' of states (times 2lPI. the unit of energy) versus E12,,6 for All-eB,.,B .A,
with x - 0 1 (solid line), x - 0.3 (dashed), and x - 0.5 (chained). Levels with E < 0 lie below the
Fermi energy Ef - 0 and are occupied at zero temperature. For ' - 0.1, the characteristic
!E - Eol -'"I van Hove siniu~arities are blurred slightly, For larger x, antisite-defect peaks are
prominent, small sidebands associated with clusters of antisite defects ar.- visible, and band-center
peaks associated withdisorder are present.'

filled A band to the empty B band (tee Fig. 7). With increasing disorder the gap
between the filled A band and the emp!-, E 1 band fills in, and the main peak
becomes more asymmtric, due to low energy excitations of the electron gas
across the gap from below the Fermi energy to above. (These excitations areforbidden forx -, 0, because the model is insulating in this limit - there are no

states in the band gap of 41flI.)XPS at the B site (Fig. 2) produces a nearly recoilless peak at E - 0,

and a peak at = - 1.7 corresponding to transitions from the filled A band to theempty bound state (see Fig. 8) of the B band. The sidebands of the hain peak

associated with disorder are due to transitica.i from filled to empty states. In
particular the small peak at (E - J -e,)/21fl =. 0.6 is associated with shape-
resonance excitations of the lowest density-of-statespeak above the Fermi energy
from below the Fermi energy (where it is pulled by the core hole) to above.

b) 41fsorption spectraAt the A-site, the absorption is relatively weak and featureless because the core-
hole state has A character and the A character of the conduction band is weak

(Fig. 3).

betwee t filcd A bandI an th 1 m~ B ban fi i an th In peaIIIIl II Iiii 1. .
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QXt3 

2i'B-site

- /-I

U
U)A-ite/

-- -II

E/12fl!

~-Fig. 8. Various calculated densit:es of states (DOSY(iimes 2!fiI of a per'fect AB cystal: total DOS:
•*-a... local DOS at an A-sis.; and local DOS at a B-site. Note that the upper part of the valenice band-is

totally A-like and the lower part of'the conduction band is B-like.

At the B-site (Fig. 4), there is a strong absorption peak fo0r"x =*0 corresponding
'- to electronic transitions from the B-like core-hole level to the bound exciton state
:of" the empty B band. This excitonic.evel has- a strong B-like cha, acter. In

addition, a higher energy peak [near (E+c, ,)/218 ,--i 1.0]--corresponds to-transi-
tion ino te Bcortinum.Di.rder (.# 0) merely serves to add sidebands and-

shape resonance - to the spectrum..

c) Emission spectra

~For a core-bole at the.A-site, the emission spectra reflect the A-like density of
states of the valence band, and exhibit disorder-activated sidebands. ,The initial
states each has one electron.-at the B-band minimum which prefers to project onto
a final-state B-like one-electron orbital, causing thc spectra to -exhibit the A-like
character of the remaining electrons.

However, for a core-hole at the B-site, the spec.,ra for .x= 0" reveal two
interesting features: (i) a main peak near E+-co 0 corresponding to the
electr' "i the excitonic bound state oi"the B band falling into ;he coi hole and
(ii) a weaker peak at (E-be ) /2[fO! - - 2 associated with transitions in which
the core hole captures an electron front the bound state below the A-ba .i; its

z ii l ll r l•• • • l
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x 0.5

.i 0.3-

(l0.2- B -i te
r-"

-4 A-site
0I

0-0.0

v~~ 0.0t-i
-2 -I 0 -

E/ 12R]

Fig. 9. The core-hole pcrturbed densities of states (times 21,8i).atthe core-hole site in a perfect AB
lattice, for a core-hole at an A-site and a B-site. Note that the core-hole produces twc bound states
when it occupies a B-site, but only one when on an A-site.

small size reflects the~reduced B-like character-in that state. This peak disappears
with disorde-, which weakens the bound state below the A-band. Disorder
activates additional sideband-features.

d) Discussion

The X-ray spectra discussed here exhibit the effects of final-state electron-hole
interactions as well as the effects of disorder. For an insulating model, the spectra
have excitonic features. However, no prominent "X-ray edge anomaly"'0

manifests itself even in the semiconducting regime.
One interesting feature of the XPS spectra is that the major lines are nearly

symmetric - a feature once observed" for sodium-tungsten bronzes with low
local state densities at the core hole site. At the time of that observation, the only
available theory was for free-electron metals, 2 which were predicted to have
considerably asymmetric XPS lines for the case of strong electron-hole interac-
tions - contrary to the observations.' The theory presented here suggests that
nearly -mmetric XPS lines can be-expected in- systems with low densities of
states at the Fermi energy.
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In summary, the X-ray s'nectra ofA1 -B...IA, are rich in-itructure asso--iatcd,
with disorder, but primnarily determ~ined by thc densities of states.

Appendix A 7
Matrix e.~et fm rciaiaed Green's function for the pzrfe,. AB lattice-

between two A statesin cells iandi + ni-ar~Zgiven by

=±(E 0 b, (a2 
-4fl4)-112([/2fl2J _p ([a/202]2 I 112)mn,

where we have a =(E - e - e4) - 2fl 2 and the lower set -of signs is
applicable from the bottom of the-upper band (eb) t(5the bottom of the lower
band .~{e )2 + 16fl2}ii/

Other matrix elements are given by

(B, iJG (E)IB, i+n} = [(E - e,,j/(E - eb)] G,.A (n, E)-,

(A,'ilG (E)IB, i+n) [/iI(E -eb)I [Gm (n, E) + GA,(n + 1, E)],

* and

(B, iJG (E)IA, i+n) = /!.' b)I [C,., (n, E) + CM (n - 1, E)],.

Using these matrix eiements onc may examine thez locral density of states of
various defects by u:,ing Dyson's equation G = Go (I - VGO)' . In particular
new staE,:s outside the bands mray be found by looking for the zeros :)f the
determinant of [L - VG0] . We have carried cut this search for the parz.merers
given and find that filling cw,.o A site. with B3-like states gives:

Cell spacing fnergies

1 1.88, 1.56, 0.55, 0.15
1.78, 1.74, 0.39, 0.32

3 1.76, 1.76, 0.36, 0.36

The results of filling two 0 sites with A-like states is just the negative of the ribve
energies. Interchanging an A and a B state gives:

Cell spacing Energies

1 ± 1.61, ±0.64
2) ± 1.74, ±0.29
3 ±1.76, ±0.36
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These results are well cof-rela edwith--thedoritinant features and, concentration
-',,-pendepc&-bf Yhe numnerically calculated densitiz-, of statr..-
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ASSTMACT

;:e report theorecic..l calculacjzns of deep levels in Gars/.,Gaj _,A
superiaccices' under hydrostatic pressure. *:e predict phase diasram f~r-DX
,c~ncers: for a given cC:posizion x :here is a funcz-ion p(a). which relates
pressure g and CaAs 4uantum-wel1 width a. and aer .ines a phase boundary
between two regions: on~t in w-hich DX is a deep p nteFundamental baind
gap and another in which the DX deep level lies in the conduction band.

1. INTRODU'CTION

For a superlactice in which the crystal structure is continuous across
the interf-aces between alternace layers of! different semiconductors. there
is no difficulty, in prin.ciple, in calculating the energy bands and the deep
impurity levels Ill. In :his paper. we present the results of-sucht
calculations for superlattices under hydrostatic pressure, based on an
empirical tight-binding model. Deup impurity levels are treated by a Green's
function method 121, using special points to perform K-space sums ;3j. To
account fa,.- t*.s effects of pressure, we fit :he pressure dependences of
empirical matrix elements of cte Hamiltonian :o the observed pressure
variations of the bulk band structures (4]. T-he valence band offset at rhe
.Interface is treated by using the experimental results of Volford et al.
Is].

In the present study we consider a DX center in an A2.,Gal --Is layer oft
an AiGa 1 .,yAs/A2..Gaj~xAs superl'atrice (for v < x), an~d -we show that (i)
reducihg zhht ihickness'of the At Ga vAs layer, (ii) increasing the alloy
composition y,, and (iit) i pplibVation of hydrostacic pressure all ha-.,
similar effects on the "DX" center (61: the deep level is t Iven from the
conduction band of A2 Gal _'As into the fundamzental band gap. Thus this work
adopts zhe pioneering ~iewpbinc of Hjalmarson er al. (71, that the DX center
is associated with a substitutional donor (such as SiGa ) and produces a deep
level resonant with the conduction band in GaAs,. but the level can be driven
into the fundamental band gap by either (I) increasing the alloy com~position
j6). increasing pressure (8). or reducing cte thickness of the GaAs layer
containing the donor (1). The persistent photoconductivity of the DX center
is prestaably explained by the weak eleccron-phonon coupling model of
4jalrtarson and Drummond (9,lOJ. Ve shall refer to this substitutional donor
as a DX center hereafter, although many workers believe the DX ce- :er is a
donor-vacancy pair [6).

Thts paper Is organized as follows: Section Il discusses the theory.
while Section III describes our results for the DV. center when subjected to
a change of alloy composition x in Al. Gal.As, at increase of pressure, or a
decrease of the quantum-well thicKness. The phenomenon of' a shallow-deep
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transition is discussed, and the notion of a critical combinazion of
pressure and quantum-aell thickness is introduced: for pressures larger than
this critical pressure or for quantum-wells thinner than the critical width.
the DX center will be a deep trap in the fundamental band gap.

II. THEORY

We begin with a minimal basis-set LCAO-type model (with one s-, one
excited s*-, and three p-orbitals centered on each atom) and include only
nearest-neighbor interaction matrix elements [11). This is sufficient to
givz a reasonable description of the lowest conduction band as well.as the
valence bands for both homogeneous semiconductors 'aAs and AtAs and alloys
AxGal_,As. Hence the same type of Hamiltonian shuald describe the
Gas/A2xGal_,As superlattice 11]. (Alloys are treated in a virtual crystal
approximation [!2].) A universal set of parameters for the Hamiltonian is
available (11); these have accuratelyreproduced the band, structures of GaAs
and AXAs. We perform our calculations for GaAs/AXGal ..As superlattices
whose layers are perpendicular to the (001) direction. We assume GaAs and
Ax.Gal-,As are perfectly lattipe-matched and.we consider N. layers of GaAs
and N, lavers of'AIXGaI ,As repe3ted periodically. The diension of :he
supertattice Hamiltonian matri% (for a giver surface wave-vector r in zhe
plane of the layers) equals the number-of orbiLals per atom times 2( 1I+,).
The valence band edge discontinuit.., which has some effects on'the positians
of deep levels in the superlattic . is chnsen to reproducr the recent
experimental resu.-s by Wolford at al. (;:s of the band offset is in, the
valence band) i5l. :hir offset is incorporatE.6 in the mcdel by adding a
constant to all of the diagonal matrix elements of the Hanilto ian of. GaAs,
because these tight-binding parameters [11 are defined with respect io the
top of the valer.ce band. The full Ha=iilonian, which produces tae
superlattice band structure as well as all s- and p-borded deep impurizy
levels, is given in detail in the paper by Ren et al. 11). %We folko the
techniques of that work and the theory of deep levels in pressurized bulk
semiconductors (4] in performing our own calculacions fo'-he presssure
dependences of the daep levels in superlattices.

The impurity levels are evaluated following the Green's function theory
of HJalmarson et al. [2]. which Lolves the secular equation for che deep
level energy E:

det (1-GV) - 0.

Here V is the defect p~tential matrix, which is diagonal in the Vogl sp3sl
,basis (in the case of zero lattice relaxation) and has matrix elements
related to che defect an .host atomic energies [2]. The Green's function
operator is G - (E-H)" , where H is the host tight-binding Hariltonian
operator and E has a small positive imaginary part when E lies outside the
band gap. We censider substitutional donor impurities in this paper, and
they generally have C2v point group symmetry in the GaAs/A;xGai As
superlattice. Details of the calculatonal procedure may be found in Reds.
(1) and 14).

The pressure dependencer dE/dp of substitutionbi deep point defect
levels in GaAs/AlxGal.xAq are deduced using the fac- that the hydrostatic
pressure preserves crystal symmetries 'while altering l,,-nd :engths. In the
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model of Vogl ec al-. the diagonal matrix elements of -he host Hamiltonian H
and the on-site defect potential V are independen of changes in the bond

Icngch. while the off-diagonal matrix elements of H depend on bond length d
according to Harrison's rule:

Ha,0 " HC,. 0 (do/d)n(a='6)

where do is the zero-pressure bond length. The e::ponencs n(o.A) (for

a.0 - s, p, and s*) are obtained by fitting the observed pressure
dependences of the direct band gaps at r. X. and L. and the indirect gaps
from the valence band maximum to L and X. using least-square 'echods. A
discussion of the effects of hydrostatic pressure on bulk electronic
structures of III-V semiconductors is given in Ref. (4]. Ve use the
exponents n(o,P) obtained for the bulk semiconductors as input to calculate
the pressure dependences of the electronic structures of superlactice
GaAs/AIxGal.xAs and its deep levels.

III. RESULTS AND DISCUSSION

In this section we assess (i) the effect of increased alloy composition
x on a deep donor level in bulk A~xGa! xAs, (ii) the effect of hyclzoscatic
pressure on the DX center, and (iIi) the effect of decreased quantum-well
thickness on a DX center or substitutional point defect in a-GaAs well of a
GaAs/A2xGaI xAs superlattice. We take as our model of a DX center, a single
Si impu;icy" on a cation-site (while acknowledging that DX behavior can be
associated with a wider class of donors, including donor defect complexes).

Ve assume that the defect potential of our DX center produces a deep-
level with the property that the level descends into the fundamental band
gap at an alloy composition near x-0.3 (61 in AAGal.xAs T'ie defect
potential V that produces such a level within the context of the dto level
theory of HJalmarson ez al. is diagonal with Vs - -1.047 eV and
V - -0844 eV, essentially equal to the Si defect potential (within the
t eoretical uncertain:y). The resulting alloy dependence of that deep *,vel
in AlxGal..xAs is displayed In Fig. 1, and was first predicted by Hjalmarson
(2.7), who i.so first provided the picture of Si as a potential DX center
an idea that has since been developed by Yamaguchi (131, who has also
compared vith data the predictions of the Hja'.arson theory for the
dependence of the DX center on alloy composition x and pressure p. Note :hat
this center undergoes a shallow-deep transition. The s-like Al-symm 4ric
deep level in GaAs lies in the conduction band,. Therefore the ground state
has the extra Si electron trapped in a shallow donor level. But for x > 0.3
in AX. C As, the deep level lies in the gap, below the shallow donor
levels, and this deep level is -occupied by one electron in the ground state.
Thus a second electron of opposite spin can be trapped by the deep level:
when the deep level lies in the gap, the Si no longer is a donor but Instead
removes electrons from the conduction band. Thus Si or the DX center
undergoes a shallow-deep transition from an impurity that produces n.cype
shallow-donor semiconductive behavior to one chat is a deep trap and leads
to semi-insulacing properties. This same type of behavior occurs as a
function of Increasing pressure for the DX center in GaAs (14), and was
predicted theoretically (4). (See also Ref. (13],) Finally. Ren ct al. !11
have dcveloped a theory of deep levels in superlattices which shows that
such a DX center in a GaAs quantum well of a GaAs/AlxGal-,As supirlacrice
can descend into the gap as the GaAs well-thickness a'decreases because the
deep level stays-relatively constant in energy while the conduction band
edge of the superlattice increases (due to quantum confinement) as the layer
thickness decreases -- until it passes above the deep level, causing the DX
level to lie in the gap as an electron trap. See Fig. 2.
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r L,.,x . .
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1.S

GoAA Compos it ion A IAs

Fig. 1. Energies versus alloy compoiiion ; in--AI.Gal As alloys of (1)
the cnnduczion *Land edgelfinlma a: r, -X, and L (sol£i),U (hi) shallow donor
states (ohort dashed,), and (iii) DX center (long dashed), after Refs. (2)
and [7).

Deep ~ Deeplo

E Sha 1 low

Ca) Cb)

Fig. 2. I.:ustratinn of a shallow-deep transition as the width of
a GaAs quantum well decreases. In a thick well (a) the deep donor level
lies above the conducti.n'band edge, so that the electron occupies the
lower shallow level; in a thin well (b) the shallow level lies just
below the superlattice conduction bane edge and above -he deep level,
which is occupied by che electron.
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Fig. 3. Predicted critical pressure versus CaAs quancum-well width
for a GaAs/A20,25Ga0 ,sAS well. Here we have N,-10.

In Fig. 3 we show our predictions for the "phase diagram" of a DX
center in the center of a GaAs well of GaAs/A20 25GaO 7SAs, namely the
function of pressure and well-thickness that causes the A, acep level of the
DX cencer to coincide with the conduction band edge. Thus, in the region
marked "shallow", the DX impurity produces a deep level in the conduction
band of the superlattice, and is a shallow donor; in the "deep" region the
DX center is a deep trap, A word of caution about the theory: :he general
shape of the curve p(j), where p is :he pressure and a is the wall
thickness, is reliable, whereas the precise values may not be, Indeed,we
suspect that at zero pressure the critical well-:hickness for a DX center to
produce a deep level in the gap is somewhat smaller than predicted.
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2HOYOF R.AMAN SPECTRA OF CORRELATED SUBSTITUTIONAL ALLOYS
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A method for computing the Raman spectra of substitutionAl crystalline
iii.V alloys, combining Monte Carlo and Recursion methods, is precented
and applied to Ino.5Ga 5As0 5 b0 .

i. Introduction occupations of a large S,OOO-atom clusuer such
that the cluster has the desired

This paper describes a simple method for nearest-neighbor correlations, We place atoms Ga
computing Raman scattering spectra for or In on c~tion sites (with probabilities x and
substitutional crystalline semiconductor alloys 1.x, respectively) and As o., Sb on ani~n sites.
with correlations between atoms occupying However, constructing a cluster with'the desired
ne~,hboring sites. Most theories assume that nearcst-neighbor correlations is somt,4hac more
suih alloys are random, and omit correlations difficult than cre..ting an uncorrelated cluster,
between the atoms on neighboring sites: The In- the case of an uncorrelated cluster, one
proliabilities of having different types of atoms merely deposits atoms on sites with the
on a given site depend only on the prescribed probabilities, using a random numbar
concentrations of the constituents and not on generator to determine which atomnoccupies a
the types of atoms or. naighboring sites. In given site, HowevQr, if this approach were
reality, however, alloys often have a tiondency &-plied to cleate a correlated cluster, the
to cluste *r and form regions with pro~crential correlations in different parts ~f the cluster
bonding: Fer example ,Islam and Bunker (1) have v4 uld be different: when putting down the first
recently observed preferential Ca-As and In.Sb atom, none of its neighbors iskiw: when
bonding in 1nl x~a-A,,X1l.V alloys: as a result, deposi~ing the second atomt, at most orie of Its
the fraction o, C5-as bonds differs neighbors is known:, and so on, until ali of the
significantly from the random value xv, With the negbr of the last atom are known, As a
increasing technological importance of III.V result, higher-order correlatio,'-s ate present
ternary and quaternary alloys --alloys that which depend on the sequence in which ttie sites
exhibit .different amounts of clustering and -are occupied.
correlations for different growth conditions .. To circumvent this problem, we employ a
it has become important to develop a theory four .component IsIng-liko rtodel of the cluster,
capable of predicting thd electronic and and apply the standard Mncrte Carlo procedure
vibrational properties of correlated alloys. 113,14) to solve the mode t fo~r an alloy
Such a theory is needed especially for phonon configuration with the desired average alloy
spectra, which ura.i',e electronic spectra are composition and ne-trest-ne-g,.bor correlacions.
normally persistent 12: or two-mode (3) In The energy E of the configuration is
chara. ter. and mog: often are not well
approximated by a virtual crystal approximation E/(kBT) - I.. J(R.K') + ZAh()
(which, with few exceptions (4-6). provi-4s an
adequate debl.ription of the electronic states where we have h(R) - H~ if atom-type vi is SL
near the fundamental band gaps of common sie ,anjRR) J 1  faomtepist
semicondu'.tors). sieK and ,R' is at if' (Here.-yp Jj is zeo nes
In this paper, we present such a thnc-ory of andP is ae nea(rene ihos) Te nlerssH

phonons In Inl.xCa.As ,SbiJy the heory has and J' are ineaetni~os)Tenrbr
three ~ ~ ~ ~ ~ ~ n ditiU el.ns are thieeniaindependent pal :geters which can b~e

of an 8,OOO-acon cluster of atoms that has the ajse opoieteds:dnaetniocorrel.,t!ons. The probab".ty o! a E, ve.n
desiv~ eaet~neghbr crreatios, ii) the 8,000-aton alloy configuration is proportional

appro: '%ation of the Raman spectrum by an to exp (.E/kBT). Examining the above expressi on
appr..priate projected density of states of the f-r E. we see that, if we change a singli .tom
alloy 171, and tiii) evaluation of this density i h ofgrtotepoaiiv ta h

of sate for the ally usng he rcurion new atom is of type v depends only on that atom
method (8) and a Born-von rman model of the adisfu crs~eg~r.truh 1

L n

lattice vibrations 17,9-121. adisfu crs-eg~r.truh4 n

2. Correlations Our procedure is to0 fi-st solve this

The first task in developing our chetiry o- Ising-lke model (aissuninr. values of' J PVand
corrlatons s t detr-sne te ~H,) for an e-quilibrium' iloy confiEurAtion,

corelaion is to detr-pr- he site using ordinary Monte Carlo cecl~nques 1'141. and
then to adjusc the pa~al'..ttrs J, V nd h1  by

*Pr;en address: School of P~ysicr Georg;.^ trial and error ;151 untll we find an
Institute of Techno~ogy, Atlanta, CA 3f,332. equilibrium confi-guration with the desied
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nearest-neighbor correlations. As usual, .enough polatizatioft vector 7 of the outgoing photon of
iterations of the Monte darlo, scheme are energy WJ', is
performed to achieve convergent values of the" 4 2
average alloy compositions x and y and the I(-') - (w /2rc ) Ej,k,2,m 'j'l ijk,1 m Ek.Em,
nearest-neighbor correlations N • and the
results are independent of Ehe initial where we have
configuration and detailed method of relaxation.
Here, for example, NGa,As is the fraction of Pjk(A)Pfm(1) I'
GaAs bonds [16]. jk.Am -

For the quaternary alloys considered here. we (2wX)exp(YwA/kBT) - I
assume that only Ga and In atoms occupy cation
sites, and only As and Sb occupy anion sites of Here Pik.(X) is the projection of the
a zincblende lattice. This ionditlon is achieved polarization tensor discussed abo-. onto the
in all configurations by choosing the initial A-th eigenstate, of frequency wA ;22,. Using the
configuration to satisfy it, and by taking form of P V discussed above, the scattering is

caloncation and Ja:ion anion to be infinite. independeAt'of direction and polarization,
except for an overall scale factor, so the

The net result of the Monte Carlo procedure is resul:s can be discussed without reference to
a single final cluster cotfiguration that has the crystal axes.
the desired average composition and nearest.
neighbor correlations. If the correlatilas are 4. Recursion i:ethod
sc strong that there is considerable clus~erlng, The preceeding discussion demo- -trates that
a single 8,000-atom cluster may not mimic the the Raman spectrum i simply related to the
real alloy sufficiently well, and It may be projection of the vibrational density of states
necessary to generate an ensemble of such onto the polarizabillty tensor j221. For a
clusters. In such a case, the calculations disordered alloy, there is no way to determine
described below would be repeated for each this density of states exactly, However, tha
cluster and then ensemble.averaged. recursion method (8) provides a simple, fast

3 method to obtain approximate solutions
Raman Spectra numerically for a large cluster, In fact, what

An explicit expression for the Intensity I(t') it really provides is not a total density of
due to Riman scattering of light into a solid states, but the projected density of states onto
angle dn' is derived in detail in the textbook a given state. Thus the method is ideal for
of Boin and Huang (7). In particular, they show calculations of the Raman scttering, with the
that only the electronic portion of the projected state the polarizabilicy tensor found
pola-.=ability Plk is relevant to Raman above (22]. The resulting calculation is really
processes (17], Ths contribution should be very just a spectral density of states computation,
similar on all cation (anion) sites, since and the detailed method of application of the
different III (V) elements are electrtaically recursion technique to such problems has been
similar, Therefore, to a good approximation P'k discussed by Davis (6),
in a zincblende crystalline alloy will be t , The phonon states are modeled by a simple
same - and have the same symmetries as, Pik Born-von Karman model with first- and
for a ptre zlncblende crystal. Moreover, only second.nearest-neighbor force constants: i.e.,
the terms Pik of first order in the dislaceflnts by the eigenvalue equation for the
ul are needid for lowert-order Raman scattering. eigenfrequencies w%:
These terms can be written simply in terms of
their decomposition into displacements ul(n on, o) o) -(n,o) -
at individual sites in cell n, and atom o (18) A
as sn',o1 F(n,;n',o').[;(nO,ol)- (n,))].

Pjk - 1:n,o,2 Pik, 1(O'°)uX (n '° )  
Here the F's are taken to be the most general
force constant matrices consistent with the

In the zincblende structure, there are two atoms point group symmecry of atom n,o, and Mtn,o) is
per cell (o-1,2) and, from translational its :ass. The force constann ma:rix contains two
symmetry (19), they must have PJk. tchat are independent parameters fnr nearest.neighbors,
equal in magnitude and opposite in sign. The and three for second-nearest-neighbors (9-12).
form of Pk Is determined largely by the There are no long-ranged forces in this model,
symmetry ot he crystal. The Raman-allo'.ed modes and so tne usual Lyddane- ,chs-Teller splitting
and corresponding forms of Pk I for various of the longitudinal and r:-nsverse opti:al modes
crystal structures have been aa6ulated by Hayes at zero crystal moment n va. ,hes. Following
and Loudon 120;. For the :incblende structure earlier work :l,12), we use thu force constants
(symmetry 23m), one finds that the only of GaAs a nd treat the alloy disorder as
Raman-active optical mode is r, and the occurring exclusively ir the mass macrix.
corresponding tev:'or Pjk I has componen:s PO (an 5. Illustrative Results and Conclusions
unkrnoun constant) whenever j, k, and 2 are all
different, and zero otherwise. The calculartd one-phonon absorption Raman

Born and Huang (21) show :hat the Raman spectrum for In0 5Gao0 5Aso,..Sbo at room
scattering intensity at tea .-raure T for temerature is plotted in Fi .. Three curves
one-phonon absurption (i.e., :ne lowest-order are displayed, corre.spond. . zo three possibl.e
anti-Stokes pro~ess), in terms of the creation correlations. The three pea.. n the curves are
and annihila:ion operators E and E' for the cue to In-Sb (hea.y-hcav-;,. In-As and Ga-Sb
incoming photon of er-rgy ]w and the (hea y- light), and Ga-As (light-light) bends,
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G S corresponding areas for the density of states
I n-y curves. First. there are various teaKs In the

N 0ors density of states (a: loer energies. in
GoAs 0.2 (uncorloted particular) that are Raman forbidden and do not

snow up at all in t-e Roman spectra. Second. the
Go,As .34 GOAS relative areas undcr differer: peaks are

- N. a:.ecced by the ra-io of the phonon energy co
N..0.Go,As 16 teerstzure. Third. the relative areasIn As , d aend on the projection of the states onto :he

+ optical state of zero crystal mo=enzm. This
> Ga Sb I depends primarily on the ratio of the peak
X separaticn to the opzicai band-width (of the
1Z -! ;ure material), and explains :he redu-cion in
XI size of the lower-frequency peaks j2j.

These considerations are important in
attempting to determine the near-neighbor
C.,rrelacions fromc Raman data. Until now,

I ** Xprimentaliscs have. in zne .0mence of any
l:heoretical calculaticns for comnarisdn, zried

_ ", estimate the number of nearest-neighbors of:nrhffsrenc atomic types by comparing the areas

under the different p,-ks. Ubile this provides aJ ,' J/ ,correct orcer-of-magnitude estimate of nubers
. of neighbor pairs, it ignores the factors

3 0 40 50 discussed above and therefore does no: provide
accurate estimates of :hese correlations. Thew (T H z) :echnicues described in this paper can be used

to determine quantitatively the Raman spectra
for various correlations. Tnese can then be

Fig. 1. Theoretical Raman spectrum ixvxv compared with experimental results to allow an
for anti-Stokes scattering at room temperatur accurate determination of the actual
in Ino. 5Ga0 .:A0. 5Sb0 .5 . The chained curve is correlations [231.
for Ga and s nearest-neighbors 25% of the time The present approach allows one to determine
(i.e.. r.o correlations), the solid curve 34% :he effects of clustering and correlations on
and the dashed curve 16i. the Raman spectra of 111-V alloys, and can

easily be generalized to predict densities of
states and spect:a of a variety of other alloys.

respect-.,elv. The dotted curve corresponds to no The method is not restricted solely to the

corre!avions; i.e.. the allowed types of atoms treatment of vibrational properties or to !II-V

are placed random!-, on each site. The solid alloys, but is generaly applicable to a wide
curve corresponds to more Ga-As and In-Sb bonds, range of problems in many different
and the corresponding peaks are higher while the substitutional crystalline alloys.

central one is lower. (This is the actual
situation according to the extended x-ray
absorption fine structuro experiments (11.) The
dashed curve corresponds to more In-As and Ga-Sb Acknowledgment -- We are grateful to the
bonds, and shows a higher central peak and U.S. Office of Naval Research (Contract No.
reduced side ones. This is qualitatively a. N00014-84-K-0352) and to the U.S. Air Force
expected: the area under any given peak *s Office of Scientific Research (Contract No.
roughly proportional to the number of bouds of AFOSR-85-0331) for their support. 1e also wish
the corresponding type(s), as is true for the -o thank Craig S. Lent, Ka:hie E. Newrman. and
correrponding peaks i: the density of states. iruce A. Bunker for helpful discussions about
However, the relative areas under different correlated clusters, and Andrew Zangwill for

peaks depend quantitatively on a number of making usef I suggestions concerning the
factors, and differ markedly from the manuscript.
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Studies of electrochcmicaliv etche6 tunesten scaine tiaunnielinE mi-icroscope-tips. using szannina
electron microscopy. show iha; (i) the tips are often conv-oived or bent if the mass of tne tungsten
wire submerged in tbc etchant is large (an effect ascribed- to surface plastic fiowh.(jii) bent nit>
nevertheless often produce good quality scanning tunneling microscopy images of Au films in air.
but (iii) tips, once crashed cluumsilly into the Au-films, no longer produce imz'ees.

1. INTRODUCTION scope, can be a deceptive predictor of :scanning tunneling
In anl ideal scanising tunneling microscope. elctron :unnel- m.croscopc Image quality. In paiticular. sonmc tips :an-be
inz occurs between the surface being studied and a single tril bn"o ovle entia~ u~strdc
atomn at the end of a sharp tunnelirg tip. In practice. it is rare rather good images.
to prepare tips ev'en resembling the sharp. single-atom ideal. 1.TIPR AAIO
Often, in order to obtain scanning tunie.Ig microscope I I.TP REAATO
agzes from layered compounds. )ne must first crash the-tung- Each tip %%as prepare.' b% placing se~cral millimeters of
sten tip into the surface. This initial crash very likely the lo%% er end of atungsten % ire rO0.025 in'. d~ameter) into an
..spears" a layer of the material being studied. % ich-then aqueous !\1 NaOH etching solution. ard applying a 1.
can act as a tunneling tip. For e\ample. scanning tunnej~zg potentiel-to the tungsten %%ire (%%ith respecz to a stainless-
microscopt. studies of lavered cornounds. such as graphite. ste-j elect rode inserted into the s. i . The etch %%as con-
using tung:ten tips suggest that thc "tip" may in reality be a tinued until the subriieried poitio;i o the %%ire aiooned: off
layer ofgapliite stuck onl the- tungsten."- Colton ctal.' and into the Lath. lea' ing the usable tip suspended near the li-
Mizes and Harrison' have %hou~n rathier dramatially that quid/'air interface. 13% el'ectronicaly monitoring the etcaing
miani of the different imices reported for graphite surfaces -urrent ~tnicailk lrnA) \% th a compaia-.,!r..icuit_ .;.. 12-
canl be obtained b.. haviiig more that- one- atom acting as a V pote;ii.i \sas shut off " hien the \\ i;e s .pjatncd. This pre-
tunneliijg site In Ill-V semiconductors. Feenstra and Fein' vented further et~nina of the tip. After th,, q),tration. the
have shown that images of defects on the GaAs ( 110) sur- e-tch %oltage %%as pulsed '-'i "for I s. to renmove all\ irregu-
face depend onl the character of the tip as much as on the larities at the end of the tip.
defect, Biegelsen cl a/i5 haN e published studies tf tip struc- In order to p~revenlt unnecessar\ c'chi :!. \\c co'c:.ed a
turCs anld hae found that ion milling iipro\ves thu, har-pni-ss large portion of the %%in,. submeiged ii \h% s.'uion'ti ref.
of a tip. reniove% oxide, and enihances, the tip's reliability. Ion insulation. Thiis Ikept the cuii ic.alcnsit, in thei etching
Clearly the role of the tip and its geomnetry in forming scan- region appro.\iiatel\ constant and pvtrmttted oetter deter-
ning tunneling mnicroscope images is inco'mpletely un,.cr- mination of the mass of the sobmierged puiicn of the %%ire
stood. (for correlation of tip shape with tme mnass of inc submerged

]in this pa per, "'e report some elementary stidies of itung- portion. see below).
sten scauniiiiig ttunneliii nmicroscope. tips. These include stud-
ies of scanniiiig elec,.r(.;. mivrosceope images of tips. the de- IVSCN NGE CTO MCR CPEMA S
ptindence of 6p gcomietry on uip eiching and iz io\%' 1 l~ SCNIGEETOhIRSOEIAE
conditions. anid the ciz.ality of scanning unineling iaic-u- The tip, .hai 'ye etched gu aci ..Ii e'.iibited nearly . po-
sco,)e iages ohtained from each tip As cur touchistone of n1,ntlial shapes (Fie. I ). rat her t~an n :e nearly pair.. colic
Coml)pa rison, we use imnages of Au filmis InI air. Surfacc Au shapes. reported by some authors.' W\e find itu.;t tLAscpo-
atomns have. . %ioli mobilits-, forming neary planar surfaicct. nenti... ,hane i.sults when the cui rent .i:;:'and hence
and the tpsonl these .'fcsare easily visible with our the i ....tion r.~e ) is high. We hime oh.,er' ed thiot. \%ithl a
microsco-'-_ WVe us . *\u rathier than graphite as our standard bag. Lr lenunL 4 ote cm or mo., e~.puseku tde e:-
because ga aphite layers are too easily peeled fromn the stir- chant. 1he pmI ol! ieo.* lc tip tec: ed Ito bec.k.nic ino 110 CP.. - olic.
face W~e find. not surp: ising!y. that on~ e o,!r tips ci .,h into We hate also ft and thatl me.i; pcraho.., ,~h.nes resuit from
the Ot'Fa of u, unlk.5:, the- cr&0. is , 4ther gentle,' the tips elect rochem-ical etchine \\itl; ..hernat;,_ rather '1h.,11 4:rect
no lon~ger prcoluce good images: ho'wever, we also find that current.
tip geometry, as observed 'v ih a scaniv: gelc~r roi micro- A number of our tip bu~d, In add. lon it, die nearly ec.po-

44k' J. Vac. Sci. Technol. A (' (2), lHar/Apr 1988 0734 2101 /13P/M. 45-03S01.00 Z,. 1988 American V-cuum S, :iety 445
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FiG. 1. Scanning electron microscope iniage of a pointed tung~sten tip The Fir- 3. Scanning turneingi micros.ope image of a Au 11lm tal.,* using the.
tip %%as etched inan aqueou:s NaOH solutionm. Note the 10-pmscaie. tip o.fFi. 1. This sa unnelncurrenmtimage oera 150,.. 150A area ofthe

filmi. Cornparablc quality images are obtained with both pointed and bent
tips. provided the tips have not been crashed.

nential overall sh-ape.-highly convolved or benf points (. ig.
2), although -such tips had never been allowed contact-with
any surface.. By careful -ly-con 'trolling the etch ing -cond itions, ig ihteYedsrs paetybig-xeddlclya
we learned that-such bent-points tend to occur when them iiass inwtthyelsrssapetybineceddoalyt
(length )of the tungsten wire-in the etchant is large, a conw i- certain surface regions.

tio iniatv 4f=i plsi lwo l rnse -ea The possibility of plastic flow playing a role in the forma-
tip is formed and (ii) sn-me-recoil of the tip at the instant of onfrishsberiedpeoulbyM lradTsg,
tip formation, wvhen the wsire in thi etchant drops off. but those authors aicribed the tip bending to thevv:tion of gas

Just before the bottom portion (f dhewire separates,-plas- bubbles. We virtually eliminate such bubbiesiby uso;tc a di-
tic lowoccrs t te nrroestregon f te wre henthe rect-current etch (alternating current produces many bub-
stre inucedby he ire' weghtis geatr tan te yeld bles), but still obtain bent tips when the cotnditions of sigttifi-

stress. Rough estimates indicate that the weight of several cn lsi lwuemt
millimeters of tungsten wire in-the etchant bath is sufficient I.SANN UNLN IRSOEIAE
to allow plastic deformation at a necking diame ter of about I
,um. Furthermore. .:-nmechanical energy stored-in the- neck Surprisingly, the bent or convols ed tips often produced
region of the stret,;heJ tungsten %% ire is released ss hen the decent sc:anning, tunnelin8 microscop,. imagzes-of compara-
%kire separates. This energN, although perhaps an order of ble quality with images prodc'ed by -~poin..-d" tips, such as
magnitude too small to plastically deform the entire volumec the one in Fig. 3. Subjectis el), the pointed tips may hase
of the thi.cker portioni of the % ir, is nevertheless sufficient to produced slightly sharper scanning tunneling microscope
deform small surface regios leading to tip recoil and bend- images. but the % ariation of image quality for % ariou point.

ed tips was comparoble with the dif,'eretices betsvcen images
for pointed and bent tips.

* ~~~~i : *~' ~ I ontrast. tips that w\ere crashed clanmsilv into the sur-
face no longer producedZL images0. 1Contro!!cd and gentlle

~ .,~ ~crashes. however. catr leaN e the tips capable of forming sub-
V ~sequenit images.")

'N V. CONCLUSIONS

I~~§~ Y~ ;X 1.Thus we conclude thm. the best tungsten tips are formie
\%hlne onl\ a sm.a port ion of tc li \\ is suspended in thc
etehant, arid i: at the sharpness ofa lip on the - 10-pin scale
of. \cannin(_ --lci ron microscope imiage may not be a gVood
tn1i. .i1t ti itngirr- qualit%. N eserthelc:.s. as a matter o01

/ g(ood experimental 1wrietice. heni tips should be as o~dcd. and

inereed durin c tching pane.ss.

Ftc;. 2. Scatnni elect. nt rm.rnoepe in,;w-c ,-.i cntotrted or bent tuiie1!i'im
tip. The contortion , lint (fie it) thie tip*%\ mg t beeni clashed. but rather Is ACKN'OWLEDGI1!2NTS
due to tOp deforntmai durimuet cini. Such bent tip,, occur when a large

m~i> o "ie i sbmntee ii th ech~t ad ae aerbedin e~oi aer We are Lgrateftil for the generous suppot of the L . ~Z..\rniv
fia~ture resultuiz from piii dokorma ion. Noic iliv 10-vin N~ic ote Posearch 0-Tie. tli ' DO-fc i: Ads .tmced Rescar.h Prqtiiecls
also the "~dirt"~ on the tip. ru~idual )I LII Agenc\. and thie Office of Nasal Researl.h Cotntracts lNo.

J. Vac. Sci. Technol. A. Vol. 6, No. 2. Mar/Apr 198S
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Electronic-struictures and doping of nIi Gal, N, and In,, Al-i-.x N
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(Received 23 December 1987)

The electronic structures of l:)N, In.Ga1.. ,N, and In.Al1... N are predicted and thesc materials
are found to be direct-band-sga;. :erriconductors with fundamental t'and gaps ranging from orange
through the bluie-grcen to thc ultraviolet. The cceep levels as' ociated with subst.tutional s- and p-
bonded impurities are predicted, and, for hiN we find (i) that the native defect responsible for natu-
rali% occur.,. sg n-type_ InN '-a nitrogen vacancy (not N1 ,,); (ii) ti:2t the i,..rogen vacancy also pro-
duces a deep level just below tie conductio,: .ban.- edge, which is i:ponsible for an observed O.2-cV
optical-absorption feature: (iii) that p-:ype doping should be ach: -able by inserting column-11 im-
purities on In sites; (iO that n-type conductivity should result from oxygen atoms o., N sites; (v tltat
InK produces s- and p-like deep levels near midgap that z.-e responsible for an optical-absorptio~n
feature near I eV; (vi) that column IV impurities on either anion or cat~on sites will tend to make
the material semi-insulating-, and (vii) th-4t an isoelectronic electron trap should be produced by B1,,,
whereas column-V impurities on the N site should produce deep isoielectronic holc traps. Similar
results hold for the alloys InGat...N and InAl-N Some impu 'ities undergo shallow-deep tran-
sitions in the alloys, as functions of alloy composition.

1. INTRODCTIO?, tion rule g3verning light emission5 will be satisfied; MEi)
the material must be crystallinc and, if it is anl alloy, must

I-igh-raobility InN has recenitly been grown in a poly- be relativey st-ain free-because large strains produce
crystalline hiexagonal -stri. cture)12 The band gap of this dislocations, anid dislocations tend to quench lunrines-
material is dii eut and thie optic,-l absorption threshold lites cence [as well as tra; and sc:atter zarrierF ind degrade
in the oiange portio.. of ith- visible spectrum (the band mobility); 6 ,7 (iV) thle materials must L-c relatuxely fret. of
- plus the, Purs!eii shift is 2.05 eV). This is anl exciting deep levels in the band gap that might trip electrons o,-
experimental r, a for at least two reitous. (i) the high holes, leading tc enhanced nonra,.iative transition rates
niolilit\ u..; that el.- arronic-rade material ma and luminescen:ce d.'gradation. and M )chemes for dop-
e emitt.. fly b, laoricated, and (ii) the orange color ;ndi ing the material n'thi and t-ype must be found. The
CaILN. thait InN and allo\- based on InN could be candi- purpose of this paper is LO' plOvide thcoretica: guidance
dates for efficient seniiconduictinig large-band-gap visible- concerning these five issues, in the hk pe of -.timulating
light emitters and lasers. Until no\\ much of the em- efforts i'm grow electronic-grade InN and iN-based al-
phiasis oil developing large-band-gap visible solid-state Iovs.
ligh:, emitters has focused onil 1-VI compound semicon- In Sec. 11 we discuss thle banJ structure., of (%-\urtzitu
ductots. materials that in miany cases have proven InN and alloys of InN and GaN and AIN. We sho\% that
difficult to dope both n type and (especially) p type' anid these alloys canl be d,.,cribed 1)\ the, tuial-cry stal dp-

hence do it , foin a ood diodes, m-:Th less light-emittitig proximation, have dircw band gaps thil, augc f otn the
diodes, Th~e origini of the Il-VI, compound doping prob- Oral :e to tile ultraviolet, and should be m~t'eystrain

1cmi~ ftn aetibed to "self-opnsto -omn fr.LL. hbausc the\ are moderately \\ell latti,.e maithed. !in

dopani pu.rportedly isort off site and produce accom- Se Ill \\c dliscuiss the dcep Ltvels associated kith s- and
pamnx mug k -anics \ il _ompeiisate thera.~ It is widely p-bonaied substitutional imipwtit ies inl InN. m th partit. ai-
belies ed that .mucl, self-conpemsa' ion ptoblems d& not lar cm; hasis onl tlh. native d,,,: ,,s (i.e.. .acanic . and an-
plague lll-V compound cemiconductors, and so tk, ex- I isite decfects' mnd thle dopanis from co!utnnis 11. JV\, ind
istence of' tile isoianionic seiconductors, InN. G..N, and VI of the Pet iodic Table. Se:fit n IV is JIe~ otd t ) on
AIN, all vith large band &.,p- [2 eV torangce. 3.5 eV kuI- parable discussion for mile alloys. Out conclusion~i are
travioletl, and 6 eV (ultraviolet), respect ivey), raises the summa.1:1 'zed in See. V.
ross1i'i,\ of fabiricating alloys w~hose band gaps range
from filie orane to thme vit raviolet.

Assuing that tile problemn of gro~vinv electronic- .BADS UTRS
C'alde tnaitcnn I can be s oi v-d, there \\-.! rem a in five mtm i,
crtheria that time mnale ial raust nieet. it thle balid gap The band structures are obtained tvin- at nearest.

numbe the Jcesired color (orange. 5lue, etc.); tii; thle LaInd neighbor figh-bindiiig model of time electi onic sti uctut Cs,

zoar mnust h.e direct SO that thALt. .rystal-niomentuin selec- based onl the '"Jater-Koster' theory. The ' Iung ai-
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tonian is is,,l) P:, 1) Ipx, 1) p", 1)
Ism1 [.E(sib) 0 0 0

H 0 HU H,.4 Ip,) 0 E(pb) 0 0
0 H. H1.4 H-.4 [ Ip,' ) 0 0' E(p,b) 0

H 1.3 H44  H, 0 ' Ipy,)i 0 0 E(pb)

.4 H. 4  0 HeI for b =a or c (anion site or cation site). The off-diagonal

matrices are H, 3 =g (k)M,. 3 , H,.4=.g2 (k)MI..4, and
,where Hb is H1,4 =g 3(k)M.4, whet. MI;4 is

[s,4) [pz.,4) [p.,,4) [py,4)

s,1) U(s,s) U(s,z) 0 0
1P2,1) U(z,s) U(z,z) 0 0
ip", 1) 0 0 U(x,x) -0
Ipy, 1) 0 0 0 U(y,y)

M2,4 is

[s,4) Ip.,,4) [p.,,4) [py,4)

Is,2) foVU'(s,s) fU'(s,z) -f U '(sx) -f_ U'(s,x)

an ,)d* q s  
cosat a n ,adteca~to ic h / aio
tOwitin 2.1%,,is thefideal(valuef V(z~),xw imlf

px,2) - "U'+xs -fU'(x,z) ftmd'(x,x)+efl+[U'(x,x)+U'(y,y)] f Uh(ee) U(x,x)]/2

p , 2 ). -f.U'(x,s) -f*.U'(x,z) f hU'(y,y)- U'(x,x)]/2 U(yy)f th af [U(x, x)+ta ,y) /2 e

1s,4) [pz, 4) [px,14) ]pY, 4)

Ts,2) f. T'(s,is) fp U'(s,rz) f nU'(sfx) fr U'(sx)
[p ,2) fo U'(z, s) fo U'(, Z) f lU'(z,x) f _ U'(z,x)

1px, 2) fU'(x,s) fU'(x,z) foU'(x,x)+f +[U'(x,x)+U'(y,y)] f_[U'(y,y) - U, x)])/2
[py, 2) f -_U, s) f -_U, z) f _U'(y,y) -UV'(x, x)])/2 U'(y,y)f I + f + [U'(x,x)+ U'(y,y)]

I
and constants a and c, and ohe .a "?atio. SincPrm tie tca ratio,

gk) xi(ka1 ,., 3kC8]to within2.9 1 %, is the ideal value of (1's/, we simplify
gl~k= ep~i-k~a3 +':2/3+kc/8 ] ,the model by assuming the ideal value.

92(k)= exp[i(kja3-k2a3+k3c8)] , The hand structures of the alloys are obtained in the
virtual-crystal approximation. t -2 We implement the

g3(k) = exp( -i3k3c/8) ,
fo~k=exp+ikj)+I~xp(-k~a)TABLE 1. Tight-binditig parameters un eV, for AIN, GaN,
fo~k= ex( +i Ia + 1 exp -ika ),and InN in the notation of Ref. 12. Paramnet..rs aie taken from

f,(k)= exp(+ikia)-[ 1 + exp(-ika)]/2 Res. 9, 10, and II, respectively.

f+ (k)=![ 1+ exp(-ika)] AIN GaN InN

Ets.a) -12.104 -13.114 -4.9S4
and E (p. a) 3.581 1,269 0.565

E's,c) -0.096 -1 .786 0.254
fE(k)=()/2[1 E(p.c) 9.419 7.131 3.895f"k s(."[- exp( -ika .s I - 10.735 -9.371 -3.841

1/\',.) 5.808 3.008 1.347
Here we have k=kjb+k,b,+kjb3jbj, where b., and I'IXY 8.486 6.535 3.033

b. are the reciprocal-lattice vectors divided by 2-,. namn-- V'(a.pc; 8.092 4.SS9 1.595
ly (( 2 /V3)/a,0,0), ((1/V3)/a, 1/a,O), and (0,0,l/c;. ',p..s, 9.755 10.867 4.0,0
respectively. The parameters of the Hamiltonian for a 3.104 3.180 3.5..,
AIN. GaN, and InN have been published," and are C 4.963 5.166 5.693
reproduced in Table I along with the wurtzite lattice -ca 1.599 !.635 1.611
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Ino.oGaO.40N 1_

6 .nxA90xN

>-3 Hd
K

M 0- L

M -- LL a) A

L r

-20 
1_________________

0.0 0.S 1.0
A 'L M r A H K r AIN x InN

FIG. I Predicted band structure of Ino.,)Gao.4oN. The
direct energy-band gap lies in the blue-green part of the spec- FIG. 3. Energie- of principle conduction-band minima vs al-
trum. loy composition for Ini-,Al. N.

virtual-crystal approximation by taking weighted aver- occupied by N. The lattice mismatch, l-d(GaN)/d
ages of the matrix elements. For -xample, in the case of (InN), is 9.3%; the corresponding mismatch for AIN and
InxGal_.N, we iverage the various diagoral matrix ele- InN is 12.3%.2
ments E, The resulting predicted band structure for

Ino oGao.40N is given in Fig. 1. InxGal_.N is a direct-
E(In Ga,..N)=( I -x)E(GaN)+xE(InN). band-gap semiconductor !or all compositimis x, and has a

The oTf-diag( nal matrix elements V, multiplied by the band gap ranging from 2 eV for InN to 3.5 eV for GaN.
square of th. bo-;d length d, are also averaged this way The principal features of the predicted band st.uctures of
taccording to Ha. uson's rule' 3), with the bond length ob- In.,Gal-xN and In*xAlt_,N, namely the energies of the
tained from Vegard's law, 14  r, A, M, L, K, and H conduction-band minima, 15 are

plotted as functions of alloy composition x in Figs. 2 andd(Inx Ga _xN) =0 -x )d( GaN)+ :d(InN) .3.

Thus we assume that virtually all of the In and Ga atoms The principal conclusion to be drawn from these calcu-

occupy cation sites, while anion sites are overwhelmingly lations is that InxGa,,_.N and In.All-xN should be
direct-band-gap semiconductors and hence potential light
emitters for all compositions x.

InxG 1-x N  III. DEEP LEVELS IN InN

8.0 A. General considerations

>Every s- and p-bonded impurity produces both deep
I.0 M levels associated with its central-cell potential and shal-

t7) low levels caused by any nonzero valence differe:nce be-
tween the impurity and the host atom it replaces (al-

C th-iigh the "deep" levels often do not lie in the funda-
[" mental band gap as once believed, but often can be reso-

a.0 r nant with the host bands). The deep levels can be com-
puted using the theory of Hjalmarson et al. 16 The one-
electron Schr6dinger equation for the deep levels E can

0.0 be rewritten,

0.0 .S 1.0 det[ I -Go(E)V]=O,
GaN x InN

where Go(E) is the host Green's-function operator,

FIG. 2. Energies of principle conduction-band minima vs al- GO=(E-H 0 )- '
loy composition for In, ..,GaN. The symmetry points H, K, L,
M, A, and r have the usual Brouckaert-Smoluchowski-Wigner and H,, is the Hamiltonian operator that generates the
definitions (Ref. 15). band structure of the host. E is assumed to have a posi-
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tive imaginary part whenever E is not in a band gap. The InN
defect potential is V=H-H o, where H is the Iamiltoni-
an of the crystal with an impurity.

If we follow established custom 16 and (i) neglect the ooo
weak long-ranged Coulomb potential responsible for shal- 2.0 .
low levels, and (ii) ignore lattice relaxation around the
impurity (effects of order 0.1 eV), the defect potential V is
diagonal in a basis of localized L~wdin orbitals centered M 1.0
at the impurity site, and the secular equation for the ener- L 10ooooo
gy levels reduces to twot7't s scalar equations, CL&J

GA(E)=I/V, GE(E)=I /VP 0.0 ________....__

Here, GA(E) and GE(E) are the host Gre. .i's functions
for the r like A, and p-like E, states, 7 respectively, and I .
V, and V are the-defect potentials for the s-like and p- .
like states, respectively. VON lrN Va N

Using the scaling rules for the matrix elementsof H0, Iti 1n
namely that diagonal matrix elements depend , n atomicnaegies, threa odiagaltr elements v n -c FIG. 4. Energy levels and electron occupanieis of neutral na-versely as the square of the bond length,s''3 ''9 we find tive defects in InN. Holes are dnoted by open circles and elec-that trons are denoted by solid circles. For the nitrogen vacancy,tft N, the electron -n the level resonant with the coiduction band

Vs m s (,s,imp--Ws,host) decays to the band edge, where it becomes a shallow-donor elec-
tron. The energies of levels resonant with the hos: bands are

and merely schematic, are not to be taken as quantitative, and are

Vp=/ p1 lVpom p- Wp,ho ) , merely to illustrate that there are resonances in the bands.

whcre w, and Wihos, are atomic-orbital energies in the
solid19 for impurity and host, respectively. We have type orp type.
3, =0.8 and P 0. 6. These equations can be solved for Neither antisite defect can explain the observed n-type
deep levels of energy E in the fundamental band gap by character of InN.
computing the Green's function Gt(E) and plotting E The theory for Ins does provide a simple and natural
versus [Gt(E)]-'= ', explanatior for the optical absorption data of Tansley

and Foley:: They find a deep level i"t n-type InN. with p-
B. Native defects like character lvng - I eV below the conduction-band

edge, which they attribute to an In. ai:isite defect. Our
The first question the theory should answer is "Why is theory (Fig. 4) does seem to be in excellent agreement

InN n type?" Tansley and Foley' had speculated some with their data.
years ago that the n-type behavior is caused by an antisite The In-site vacancy Va,, (Fig. 4) produces s-like and p-
defect: N on an In site (N,n), which they had suggested like levels near the valence-band maxamrnw, with the s-
might be a double donor. However we find that this de- like level doubly occupied and the p-like neutral vacancy
fect produces both s-like and p-like' 7 deep levels deep in level containing three electrons and three hl.... The
the gap (see Fig. 4)---closer to the valence-band edge theory, taken literally, places the p-like leel in the g,,p,
tha:n to the conduction-band edge. where it can trap both electrons and holes, and the s-like

The s-like state is occupied by the two extra N elec- level in the valence band, (It is conceivable that the p-
trons and is too far from the conduction-band edge to be like level actuall) lies below the valencL-band m,.ximum,
thermally ionized-even if one makes allowanes for a in which case the In vacancy would be a triple shallow
few -tenths-of-an-eV theoretical uncertainty in the pre- acceptor, because the holes would bubble up to the
dicted deep levels. The p-like states are far from the band valence-band cdge.) Clearly, thL In vacancy cannot ac-
edge, empty, and together can trap six electrons. (Of count for the observed n-type character of InN either.
course, Coulombic charge-state splitting, omitted from The N vacancy can (Fig. 4). (Tansley and Foley have
the model, will raise these neutral-impurity levels as each also speculated that the N vacancy might be the defect
additional electron is added.20) Thus Nin is a deep trap responsible for the natural n-type chiaacter of InN.2') N
for both electrons and holes. its natural occurrence in produces an s-like levcl (containing t%%o elcctrons) near
InN cannot explain the material's n-type character. the conduction-band .,ge and a p-like le'. ci (containing

The Inr, antisite defect prcduces deep -like and p-like oae electron) above the conduction-band edge. Since the
le% els near the ,;entr of the gap (Fig. 4). Six electrons oc- p-like level is resonant, its electron i. autoionized, decays
cup. the loNes, of the e.ght spin orbitals associated with to the conduction-band edge, and dopes InN n t)pe (one
thi.s defect, m).ing the neutral defect unquestionably a ele.tron per vacancy). It is also possib:e that the s-like
deep trap for both t%%o) electrons and (six) holes. Thus deep statc lie a bit higher than predicted 'not in the gap)
In. ca-i compensate Nit, but does not dope InN either n and are resonant with the conduction band, donating
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their electrons to the conduction iand. In this, second InN,GoN,AIN: cation site-
case the N vacancy would-be a- triple donor. Thus we . •. .
conclude that the N vacancy is-most likely responsible for 000.o.. " oo
th n-type behavior of InN, and is most likely a single ____ _ ."_______,..__._.____.
donor (but possibly donates three electrons to the con- >" 2.0 -

duction band'. Moreover, the nitrogen vacancy, if it is a
simple dcnor with its s-like deep level in the gap just
below the conduction-band edge, provides a natural e:.-
planation of the 0.2-eV feature in the Tansley-Foley opti- L 1.0
cal absorption data."" Thus we propose that the N va- -
cancy botl- dopes InN n type and produces a deep level
0.2 eV below the conduction-band minimum which has 0.0
been detected in the optical absorption. . . "" '" "

Another defect possibly responsible for the n-type -,, . ... ...,
character of InN is oxygen on a N site, which is not a na-.
tive defect, but is nevertheless likely to be pesent in ,
significant concentrations (Fig. 5). 11 I1. Ii iBin

C. Dopants FIG. 6. Energy levels and occupancies of neutral impurities
from columns I, II, and II1 on the cation site and B on the In

1. p type site in InN, GaN, and AN. Holes are denoted by open circles,

Since InN occurs n type naturally, the central question All column-Il impurities on the III site are predicted to yield

concerning doping is whether it can be doped p type. If, shallow acceptors. Column-I impurities are predicted to yield

as we predict, InN is naturally it type because of N va- double acceptors. Isoelectronic impurities on the III site are
a s te pedit mnNsnaterall 'mutyp bereativelyee of predicted to be inert, except for B1, in InN only, which is pre.cancies, then p-type material must be relatively free of dicted to be a trap.
these vacancies or contain a sufficiently large number of
acceptors to compensate them.

The best candidate for an acceptor is a column-II im- of 3 or more, the shallow-impurity binding energy is large
purity on an In site (Fig. 6). Such an impurity will be a enough to inhibit thermal ionization of holes at room
shallow acceptor in the classic sense. There is a problem temperature. Ultimately, the fret that the shallow-
with ordinary acceptors in lr14, however, because this acceptor binding energy is so large, not the purported
large-band-gap semiconductor should have a moderately difficulty of incorporating shallow acceptors, may be the
small dielectric constant, estimaied to be e=8.3,22 and a reason InN cannot be fabricated sufficiently p type.
rather large (calculated) v,1lencc-banO effective mass, Column-IV impurities on the N site will very likely not
in = 1. 6,2' causing the ,cceptor's effective-mass-theory, produce shallow acceptors, but instead will produce both
binding energy to be rather large, -0.3 eV. Thus unless s-like (except perhaps for C) and p-like deep levels in the
these crude estimates of m * /, are too large by a factor fundamental band gap-with one hole and five electrons

in the upper (p-like) level and two electrons in the s-like
InN: N site level (Fig. 7)-except for Pb, which has its s-like and p-

like levels reversed. Thus neutral column-IV impurities
".. on N sites are deep traps for both electrons (one) and

> 2.0 InN N site

0

L.~-~ 2.0

IV>

0.0

4....._j ...

0 .0 ___--.___.____-______-"__•_

t. 4 . 1.0

0 .0_.. . . - ... ' "0 .0

ON  SN  SeN TeN

FIG. 5. Energy levels and occupancies of neutral column-VI
inpurities on the N sit- in InN. Electrons are denoted by solid CN S iN GeN SnN Pb N
circles. All column-VI impurities on the N site are predicted to
be donors The extri;-donor electron is denoted by a solid circle FIG. 7. Energ levels and occupancies of neutral column-IV
ir-ihie conduction band. impurities on the N site in InN.
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holes (five). of recombination radiation.
We also note that the In vacancy, if its p-like level ac- Isoelectronic impurities (unlike heteroelectronic

tually lies below the valence-band maximum, could dope donors and acceptors) can often trap one carrier without
InN p type (see Fig. 4). repelling a carrier of opposite sign, as in the case of Np in

GaP, which traps an electron-and the electron is subse-
2. n-type quently able to capture a hole and to form an impurity-

bound exciton.For n-type doping, the best candidate, other than the In InN, according to the theory, neutral B on an In site
N vacancy, is oxygen or some other chalcogen on a N produces such an isoelectronic trap, an s-like level slight-site. Oxygen produces no deep levels in the fundamental ly below the conduction-band edge (Fig. 61. (The p-like
band gap, and so is a classic shallow donor (Fig. 5). Ne,- level of B is predicted to be resonant with the conductio,
tral S, Se, and Te, in addition to producing the shallow band.) The remaining In-site isoelectinaic traps are elec-
donor, each also yield a p-like fully occupied deep level in tronically inert, according to the theory, with their deep
the gap, which is driven up from the valence band be- levels all being resonant.
cause the s atomic-orbital energies of S, Se, and Te are On the N site, the Bi and Sb isoclectronic impurities
higher than that of N.23 produce both s-like and p-like deep levels in the band gap

Column-IV impurities on the In site are not good can- (fully occupied by electrons for the neutral defect) and
didates for donors, since they are predicted to have s-likedeepleves inthy ap, nd S? whn netra , co .~ihi hence are deep hole traps (Fig. 9). Similarly. As ai,d P on
deep levels in th-,: gap, and so, when neutral, couldleither the N site have (full) p-like deep levels in the gap, whiletrap electrons or holes (Fig, 8). The predicted s-like lev- their (full) s-like levels lie just below the valence-band
els for Pb and possibly Sn at',, close enough to the maximum. They too are deep hole traps.
conda.ction.band edge that, allowing for a small uncer- One of the interesting features of these isoelectronic
tainty in the theory, these levels could lie resonant with traps is that they bind one carrier i a localized orbtal,
the conduction band, and so could conceivably lead to and so can bind an excitop by binding one carrier which
shallow-donor behavior. binds the second through the electron-hole interaction.

Thus wre predict that the best dopants for InN are For example, Bl, can bind an electron which, in turn, can
column-I) impurities on the In site for p.type doping, and bind a hole, Similarly, Bi,%, Sb., and Ass, or PI, can
either a vacancy or oxygen on the N site for n-type dop- bind a hole which can attract an electron. By Iocaliing
ing. Column-IV dopants on either or both sites will tend an exiton thlis way, an isoelectronic trap can enhance the
to produce semi-insulating material, intensity of the recombination luminescence. becatiuse the

recombination rate for a localized state is generaly much
D. Isoelectronic impurities larger than for a delocalized state.

Isoelectronic iml rities, namely impurities from the E. Other deer levels
same column of the Periodic Table as the host atom they
replace, are normally thought of as electronically inert. Impurities two o. more columns of the Perodiec Table
Rather spectacular counterexamples to this thinking are distant from the hoht atom the) replace tend to be rather
the N isoelectronic traps in GaAs., P _. and insolable; neertheless, their solubilities are not zero, and
Al_-,Ga.,As alloys, electron traps which play major we includ. ,heir predicted deep le'els here for cLmplete-
roles in localizing electrons and enhancing the intensity ness.

InN: In site InN: N site

s2.0 2.0
0 00 0

S1.0 L 1.0

Q 144.

0.0 0.0 ______

CIn S ~ Ge 1 InS~ P~ N AtNN N B
FIG S riiercn Ie% \ i ccupIn~ic% of nckaral .olumin-IV FIG 9). Ener-% koed- iid t~oipainocs ofuctianj

impuril ic. on the lIn s~ite in IniN. le l"I titi% onlt I N sit. iii I i.-
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InN: In site InN: N 5 ite

a.0 000000, ' 2.0
0 0 .---o-- -00-- - -

1.0 ) 1.0
L ooooo .

0 0
C __C

w LL

0.0 0.0

-i . 1 ,,7 . .... . %

NIn Pin ASIn Sb In BiIn LiN NON KN
FIG. 10. -Energy levels and occupancies of neutral column-V FIG. 13, Energy levels and occupancies of neutral column-I

impurities on the In site in InN, impurities on the N site in InN.

InN. In s ite InN: N 3 ite

S2.0 2.0
* S -000-

E' .. .. .

0 0000

,OOQOOO

w w
0.0 -0.0

* -1r.O-,-.-.V+2 .,-.- 4 =.

0  S SI To Zn CdN HN

-In+ In .I I

FIG. I I Energy levels and occupancies of neutral column.VI FIG. 14. Energy levels and occuacies of neutral column-lI
impurities or the In site in InN, impurities on the N site in InN.

InN: In s Tte InN: N ite

nN2.0 n . 0000 20
> >

*00000
... L ii W+,.+ p "iiI I

)1.0 o0 1.0

0.0 ____ _0.0

t- -...-.---- C

FIn CL1 n BrIn IIn At In BN AtN GON InN

FIG 12. Energy levels and occupancies of neutral column- FIG. 15. Energ) le6els and uccupancies of neutral column-
VII impurities on the In site in InN. III impurities on the N site in InN.
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InN: N s ite GaN through the gap to the valence band of InN (it does
not). Then the hole in the deep level wouid bubble up to
the valence-band maximum, and neutral Si would become

.___________ _ . a single acceptor rather than a deep trap for both elec-
2.0 trons aul holes, and would have a false valence of - I in-

_stead of its normal valence (+ 1) with respect to the
column-lll cation. The reason false valences do vot
occur in In Ga 1_,N or In.,AIl_,N is that the vacancies

(D have both s-like and p-like levels ii, or very near the fun-
" damental band gap (Fig. 4). Sincv dhe vacancies corre-

... spond to infinite defect potent.ais," tley separ. te the im-
0.0 purity levels that originate from the conduction band

. o. .- with finite defect potentials from those that come from
the valence band-and, if the vacancy levels lie in the

.............___ _...... _ :. ,gap for all alloy compositions, prevent impurity levels
from crossing the gap.

FN C N BrN IN A N Deep-shallow transitions occur wl.en a deep level in
the gap moves out of the gap (as a function ofx). C, sid.

FIG. 16, Energy levels and occupancies of neutral column- er, as an example, a column.IV impuri: suci as Si on a
VII impurities on the N site in InN. cation site in InGa_,N. In InN, neutral Si on anl !n

site produces an s-like dcep level in the gap occupied by
On the In site column-I and -I impurities Pre double one electron and one ho'd (Fig. 8). Therefore i.utral Sit,

acceptors and single aceptors, respectively, with their s is a deep electron and h ile trap in InN, but in GaN or
and p deep levels in the conduction band (see Fig. 6). The AIN, Si ott . wtion site produces a s-ld.e level degen-
column-V impurities produce deep traps: doubly occu- crate with the conduction band (Figs. 17 and 18). The
pied deep s levels in thie gap and emptyp levels that are in electron that occupied this level in InN is aut'ionized in
the gap for P1 n and As,, but in the conduction band for GaN or AIN and falls to the conduction-band edge
Sbl, and Bit, . (Fig. 0). The eolumn-VI impurities (Fig, (\\here the long-ranged Coulomb potenoal omitted ,n this
11) produce doubly oc.upied s levels deep in the gap plus paper traps the electron in a shaao \-donor state. As a
singly occuptd p levels that are deep in the gap, ex,. pt result cation-site Si in GaN or AIN it a shallo\\-d,-nor
for Te (which should produce a shallow donor!). The impurity. its ground state has the extra electron in a
halogens .,n the In site should produce deep s and p levels shallow le\el (whereas in InN this extr, electron occupies
in the gap .Fig. 12). a deep level). For some intermediate alloy composition

Ott the N site, columns-I, -II, and -III imparities all between InN and GaN, the deep h.\el of Sii in InN
produce s-like and p-like deep levels in the gap of InN, all passes thiough the conduction-band edge, and the Si im-
at about the same energy (Figs. 13-15). Column-VII im- purity changes its character from a deep trap io a shallow
purities (Fig. 16) are il double donors, except possibly donor (Fig. 19).
for F, ,lich the theory predicts to be inert (which, The predicted dependences on alloy compositioa x of
within the theoretical uncertaint), may also be a double substitt16oad deep levels in InxGa-xN ,ire displayed in
donor) 

Figs. 19-22.

IN'. DEEP LEVELq IN InGal-.,N AND In, All-, N

GaN Ga s te
A. Doping anomalies " ,

The deep levels in the alloys InrLCaI_,N and
In AIl_.N are similar to those in InN. As functions of 3.0

alloy composition they vary ii energy rather smoothly.
In many caes deep level,, that lie in the fundamental ,-,
band gap for InN move out of the gap as a function of al- M ,0
Joy composition and lie resonant with the host bands of L
GaN or AIN. When this happens, the character of the 1.0

C .
impurity chang' (e.g., from a deep trap to a shallow W
donor) and a "doping anomaly" occurs.

There are two common types of doping anomaly: (i) 0.01
fals- valences, and (ii) deep-shallow transitions. .f - "

False valences occur when, as a function or alloy com-
position, a deep level completely crosses the fundamental
ba': g  ap,. False valences do not occu in ln Gal_.,N or CG Si(30 Get3 S r.Go  Pla
InAl-,.N, but. to understand the concept of a false
vaLnce, suppose that the s-like le~el of Si on a cation .ite FIG. 17. Enwrg,' le~els and eleciron 0I.,upane, of neutral
(Fig. 8) were to descend from the conduction b.id of column-IV impurmueson the Ga.site in G.,N.
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AIN: At site 3 . InxGal-xN: cation site E2

6.0

- S .0 ..
> > NM
"-' 4.0 0

3.0 F

CD0
C 2.0 C

010

. .~~~. ,~~~. ~~ 0.0 __ _ _ _ _ _ _ _ _ _ _ _ _

CAI  SiAl GeAr Sn t PbAZ 0.0 ID 1.0

FIG. 18. Energy levels and electron occupancies of neutral
column-tV impurities on the Al site in AIN. FIG. 20, E, (p-like) defect levels for impurities on the cation

site -n In1 ..,Ga.,N. Only level, for impurities from columns VI,
and VII are partially filled by electrons; other impurity levels
are unoccupied.

The principal deep levels for substitutional defects in
GaN and AIN are given in Figs. 17 and 18 and 23-30.
The variation with alloy composition x of deep levels in
InxAl_xN is given in Figs. 31-34. In many cases, the on those defects whose qualitative characers do change
qualitative level structure for a specific impurity on a sith alloy composition, defects that undergo deep-
given site is the same for all alloy compositions of shallow transitions.
In, Ga_.-N and In.A!I-xN (e.g., for oxygen on an anion
site), and no deep levels cross either the valence-band or
L.nduction-band edge as alloy composition is varied. In The antisite defects, N on a cation site and a cation on
such cases, the qualitative doping character of the defect a N site, have the same qualitative level structures in
does not change, although its quantitative energy levels GaN and AIN, but a diil'rent one in InN (Figs. 4, 23, and
do, according to Figs. 19-22 and 31-34. Here we focus 27). In InN the (neutral) Nt, defect has both a filled (dou-

bly occupied) s-like level and an empty p-like deep level in
the gap. The p-like level is in the conduction band for

a.s InxGal-xN: cat ion s ite A GaN and AIN. Thus N,, is a deep trap for both electrons

rI
35- InxGol-.xN: N site

S 3.
>

N, 0 , C

,, 00.0

L L)4
C In1

0.0 0.5 1.0 S
x

FIG. 19. 4 (s-like) defect levels vs a,!oy composition x for 0.0 1.0
impurities on the cation site in In_-,OGa,N. Levels for impuri- X

ties from columns V, VI, and VII are completely ti;!ed, levels for X
impurities from column IV have one electron and one hole, and FIG. 21. A I (s-like) defect levels for impurities on the N site
levels for isoelectronic impurities are unoccur,,cd by electrons. in Ini-,GaN. All the levels shown are occupied by two elec-
Other impurities are acceptors. trons.
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SInxGai-xN: N site E2 GcN: N site
3S

3.0

2.0

L L
L 0

<C Cd W .
In

- ~ sil 0.0 ______________

C

0.0 s .

0.0 O.S 1.0 0SN SeN TeN
XN NN N

FIG. 22. E, (p-like) defect levels for impuritcs on the N site FIG. 24. Encr~'y levels and electron occupancies of neutral
in Ini-.rGa,,N. Levels due to impurities which ha-e fewer column-VI impuritics on the N site in GaN.
valence electrons than N, such as Si, are partially occup~ied by
electrons and trap both electrons and holes. Impurities which GON : N site
have more valence electrons than N, such as 0, are donors:........... 7ld/J:~

their levels at a completely occupied by electrons and have extraR
electron in the conduction band.

3.0

and holes, whereas neutral NG,, in GaN and NA, are
deep-hole traps. 2.0

The cation-vacancy p-like level is barely in the gap for
InN and GaN, and d.-.p in the gap for AIN (Figs. 4, 23, 0P

C 1.and 27), whereas th 'e s-like level is resonant with the W
valence band for InN and GaN, but in thle gap for AIN.
This vacancy, when neutral, can trap either electrons or 0.0
holes.

The N vacancy is a shallow donor in InN and GaN
(Figs. 4 and 23). with its p-like level in the conduction
band and its s-like deep level doubly occupied in the gap. c. Si GeN Sn N PbN
In AIN the p-like level lies in the gap (Fig. 27), making N N N N N
the neutral N vacancy a deep electron trap. FIG. ?5. Energy levels and electron occupa'icies of neutral

column.IV impurities on the N site in GaN.

GaN:r K ite

3.03.

0 >

2.0 2.0
CY)
L L)
C 1.0 L .
C 0

0.0 0.0 00 0.

VcS GcB.VN GCN VaGa NGa PN A*N bN B&N
FIG. 23. Energy level, and electron oecupamLh~s of neutral FIG. 26. rnergy levels an~d electron occupancie' of iicu-1~

native defects in GaN. isoclecironic imnpurities on the N site mn GaN.
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- - - N AIN:'N s5ite

S.o 6.0

S.0

''4.0

OL3.03.

C V.0 C: 2.0
0w

VO N AtN Va At N At N N SN B
FIG. 27. Enerey levels and elc!t-on occupancies of neutral FIG. 30. Energy levels and eleectron occupancies of neutral

native dfcsin AIN. isoelectronic impurities on the N site in AIN.

AI.N: N site 62 InxA9..-xN :cot ion site A

6.0 %

' S .0 
0

4.0 'i N :,

L,3.0- 3.1,

WC2.0 F

1.0 S

0.0
C SN SeN TeN 0.0 051.0

FIG. 28. Energy levels and elec~,i cuace fn~t FIG. 31. 41 (sl!:ke) defect levels for impurities on the cation
column-VI impurities on the N site in AIN. site in In1..*AlN.

AIN: N site 6.2 InXAX.i-XN: cation 5 ite E2

6.0

5.0

> >

4.0)

L 3.0 L 3.1

C 00 2,0 w
1.0 

Sa

Iq S iN SeN CrtN Pb N 0. .x.

FIG. 29. Energ vklvels and elction occupaiicwes of neutral FIG. 32. E, ip-likei defetct levels for impurities on the cation
column.IV impurities on the N site in AIN. site inin, ,AI, N.
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.2 InxAlj-xN: N 5 ite A1  Column-IV impurities (except C) on the Ga site in
GaN and the Al site in AIN produce shallow donors

.- (Figs. 17 and 18). :n InN (Fig. 8) they produce s-like
deep levels in the j;ap. Indeed, the p-like deep level of
C111 even lies well in the gap of InN, while the s-like levels

...."- .of neutral carbon are predicted to be deep electron and
x" -..- hole traps for alloys of InN, GaN, and AIN.V13

0') ~ .D. Isoelectronic dcfrcts
L
* .. The isoelectronic defect B on a cation site produces an
C s-like deep level in the gap of 1.N, but thia level is in the

In conduction band of GaN and AN (Fig. 6). Thus with
decreasing x in InxGa1_.N or Al, Ga.,xN, B undergoev

Cd a deep-inert transition (Figs. 19 and 31). (The isoelect-
ronic impurity has no long-ranged Coulomb potential

0.0 Sn and hence no shallow levels; thus it becomes inert rather
0.0 O.S 1.0 than shallow when its deep levels are all resonant with

X X host bands.) The other column-III isoelectronic defects
are inert in InN, GaN, and AIN.

FIG. 33. A, (s-like) defect levels for impurities on the N site Column-V impurities on the N site (except N) all pro-
in In,_ AI N. duce occupied p-like levels in the gap and are hole traps

in InN, GaN, and AIN (Figs. 9, 26, and 30). In addition,
Bi and Sb in InN have occupied s-like levels in the gap

C. Donors and acceptors for InN. (These levels descend into the valence bands of
GaN and AIN.)

Column-II impurities on cation sites are ordinary ac-
ceptors in InN, GaN, and AIN (Fig. 6). Column-I impur- V. SUMMARY
ities are double acceptors.

Column-VI impurities on anion sites are ordinary We have predicted the electronic structures of InN,
donors, but S, Se, and Te each have a fully occupied deep InXGajxN, and InAI._,N, and find that these materi-
p-like le'el deep in the gap for InN, and barely in the gap als exhibit direct band gaps ranging from orange to ultra-
for GaN and AIN. (This level is in the valence band for violet. We find that the N vacanc, not ;he antis,'c de-
oxygen.) See Figs. 5, 24, and 28. fect N1,, is primarily responsible for InN's n-type charac-

Column-IV impurities on a N site each pro6,ce a deep ter as grown. We propose that the nitrogen %acancy is
electron and hole trap due to a p-.ike deep level in the also responsible for the 0.2-eV absorption feature and *\e
gap (occupied by one hole and five electrons for the neu- confirm the Tansley-Foley suggestion that In, is respon-
tral defect) in InN, GaN, and AIN (Figs. 7, 25, and 29). sible for the absorption attributed to the midgap defect
The filled s-like deep level is also in the gap for InN (ex- level. We predict that column-Il impurities on cation
cept for C), but not for GaN or AIN (See Figs. 7, 25, and sites should produce p-type behavior, \\ hile column-IV
29). impurities should yield semi-insulating propeties. B on

an In site in InN ,hould produce an iso-iectronic electron
SxAi.l- N :N site E2 trap, while column-V impt,rities on the N site should

8.2 IXijx : sit E2 yield hole traps. However, the shallo\ -acceptor binding
energy nay be too large to permit thermal ionization of
large numbers of holes, and it may be difficult to pre,?are
these materials with high concentrations of positi\e ear-

> Va " riers. Various deep-shallow and deep-inert transitions
,._, occur in the In.Ga.N alloy system. We conclude that

In0.4 Ga. 6 N and InOs.AI .zN, if these materials can be
L. 3.1 successfully grown. should produce blue-green lumines-

C cence, and should be dopable, both n type and p type-
IWl although the shallow-acceptor binding energy mv: b.' so

large as to limit the nu ,ber of holes in the valence hand.
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Hydrostatic-pressure dependencies of deep impurity levels in zinc-blende semiconductors
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The derivatives with respect to hydrostatic pressure are predicted for deep levels associated with
s- and p-bonded impurities in Si, Ge, AlP, AlAs. AISb, GaP, GaAs, GaSb, InP, InAs, InSb, and
ZnSe. It is shown that by combining data, both for deep levels and for their hydrostatic-pressure
derivatives, with theory it is often po.sible to determine (i) the site of the impurity, (ii, the symmetry
of the deep level. and (iii) a quite small number of substitutional s- and p-bonded impurities that
could be responsible for the data. We use this method to argue that the deep levels observed by Ala-
dashvili et ol. in inSb to lie in the interval between 0.i and 0.15 eV above the valence-band max.
imum are prbably A, -symrnetric levels associated vith C1, and/or antisite Sb,, (or levels amsociat.
ed with defect complexes invo1ving these defects).

I. INTRODUCTION ture (EXAFS) (Ref. 9)] to achieve such a unique
0 identification.

Several years ago, deep levels were defined as impurity The situation has been further complicated due to the
states in semiconductors whose energies were more than demonstration by Sanke) et al,"' that extended substitu-
0.1 eV from a nearby band edge-namely levels tl.at tional def ctu often have almost the same d-ep-level ener-
were not thermlly ionized at room temperature. More gies as their constituent isolated impurities. Thus analy-
recently this definitiop has been revised as a result of the ses of observed energy levels are unlikely to reveal even if
recognition that deep levels can, when perturbed, cease the defect producing the level is a point defect. (This
being energetically deep in the gap and can actually pass complication is also a simplification, because it means
into a band where they become resonan ces. The current that theoreticall\ one need consider only isolated defects,
definition of a deep level is one that is caused by the since defect complexeb have, to a good approximation,
central-cell r,)tential of the defect.' In fact, all s- and p- spectra which are the sums of their constituents' spectra.)
bonded substitutional impurities in zinc-blende semicon-
ductors produce typically four such deep levels in the vi-
cinity of the fundamental band gap: one s-like ( A syn-
metric) and one triply degenerate p-like (T,) level. These
deep levels, more often than not, are resonances that lie 0.5
outside the band gap, and hence are not "deep" by the
old definition. .

Despite the fact that various th'ories of deep levels C- _
have been developed," beginning with the classical pa- o
pe: by Lannoo and Lenglart on the levels associated with 0.0
the Si vacancy, 5 the theories generally have not been cap- C
able of identifying z particular impurity from the energies C..
of its observed deep levels in the fundamental band gap. ( InSb
This is due only in part to the fact that the best theories 0 -0.6
of deep levels have theoretical uncertainties of a few
tenths of an eV for their level predictions.

Ren et al.' following the "deep-level pinning" ideas of < A,-',1I ' >
Hjalmarson et al.2, showed for substitutioa,:a s- and p.
bonded point defects on a site that all deep levels in the -1.0
band gap with a particular symmetry hav, almos, the 0.0 0.1 02

same wave function-independent of the defect (see Fi,. VBI Energy (eV) CBM

I. This notion was confirmed v-.\perimentally by various FIG. I lndium., te -ubtituional defect wave functions in
electron-nucleon double reso;ance (ENDOR) measure- InSb are shown as functions of tecpe energy leel E. The on-,ie
meits of deep-level wave functions in semiconductors. 7,X wave functi i ( A 1.0.1 0') in notation of Ref. 0 and first-
Thus, no experiment that probes only the valence alec- shell vae functions (..i 1,R . . ') finward-directed hbrtlds
tronic properties ofa deep level is capable of evsily identi- (Ref. 61) and ( A 1,R,.2 0,) (outward-directed hybrids iRef. 61]
fying the impurity ,esponsible for the level: it is neces- are ,lhogan h% solid, dashed, and dashed-dotted hIles, respective-
sary tt. probe the nucleus [e.g., with ENDO" (Ref. 7)] or ly. All these curves are nearl) lat and %ho%% that the deep d,!-
the core re.g., with extended x-ray-absorption fine struc- feet %,ae funttn'% depend "erN little un their energ lvel,,.
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"This-insensitivity of deep impurity levels- to the irnptp'i- G,,=tE -kf,o
ty raises tii-" question of how much informnation can be
gicaned fr6,t simple electronic measurements of deep-lev- The host Ham iltor~idh .11, is takeni to bc the -nearest-
els, such ags measurements oftheir energies and pressure neighbor empirical 1 -:-binding model of Vogl el ali."'
derivatives." *1- lin this paper, we show that (if we limit wvhichi is a~ten-band mod61-';pablc of dtcribiflg both the
ourselves to s- and p-bonded substitutional impurities in chemistry of p bondi6? , d it ir.i reelt-gap ecrcv
zinc-blcnde semiconductors) combined measurements (if band structure of semiconductors sach as Si and Gal', by
a deep level and its change with hydrostatic pressure can vietue of its five-orbital Tp ', basis- centered on each site.
usually determine both the symmetry of the level and the Expressed formally in terms of I ix~din orbitals'

site (anion or cation site) of its parent impurity. Further- j n,b,R ) centered at the atom in uiiit-coi, R at site b (b
more, we also show that the>number. of candidates for denotes anion or cation) the Bloch-like tight-binding
producing a particular deep level in the band gap can be basis states are
reduced in number to only a fe~-,and that-this can be
done even for impurities in a small-band-gAp seiniconduc- n~bk) = N- C12 1,11 I ,R)
tor such as InSb, whose low-temperature) band gap ofR
0.23 eV is smaller than the uncertr'inty in most theories. Here, n runs over s, s', and the three p -states. In this

basis, the host *Hamiltonian is a l0.,x 10 matrix for each
11. THEORY wave vector k (see Refs. 14 and 16). By diagonalizing

Our theoretical approach is based on the model of elec- thsmrianobiigitegealsEk-, me'
troicstucur o VgIcial., 14 tehorofdplvls the band structure, and its eigen'vecto rs k,),), namely

of Hjalmarson et al , and the work of Ren et ali.' on tht: Bloch states, one can conmiruct thL Green's-function
pressure effects. We note that Ren's basic approach to operator
pressure effects on deep levels in GaA- led to the target- G() d)(k);)[ F k )
ing several years ago of oxygen and the aritisite defect as GE) (k-(,X /[-E ,?)
possible constituents of the defect EL2- and that the k..

role of the .,ntisite defect is now generally acknowledged, The defect- potential matrix V is taken to be diagonal
while some (but not all) authors continue to believe that and centered solely on the impurity site in the L6wdin
oxygen is also a constituent of EL?. Thus the basic basis; this approximation is now well established, and
theoretical approach of Ren et al. has a history Of suc- corresponds to neglecting lattice relaxation around the
cess, and we use that approach here for dee.p levels in impurity.2 Coulombic charge-state splittings' are also
other zinc-blende semiconductors. neglected. Since any underlying theory for predicting the

The deep levels E are obtained by solving the secular deep levels of a given impurity is only accurate to a few
determinant tenths of an eV, the omission of lattice rela.\ation and

det~lG0(E)]=0 .charge-state splittings .doe, noi appreciably increase the
detI-0 ()V=0theoretical uncertainty. Following Hjaimarson et al. '-

Here, G0(E) is the Green's function, which is real in ihe we appro,\imatc the diagonal matrix elements~ of Pon the
fundamental energy band gap impurity site as

TABLE 1. Exponents inl,,. (1,i'=s,p.. *) for the bond.Iengt ti dependencies of the nearest-neighbor
matrix element%. Exponents -q are obtained by fitting the observed pressure dependencies (Table 1t) of
the direct b':nd gaps at r, L, and X, and the indirect gaps from L and A', to the valcrnce-band mnximum,
using the Lea i-jsquares method. ------ ____ ______

Si 3.000 1.6M0 3.825 2.600 3.327
Ge 4.400) 2,400) 2,300 2.500 3.982

AlP 2.386 1.637 1.521 1.247 2.486
AlAs 3.205 1.656 2,398 1.706 3.214
AISb 2.5531 4.249 1.192 3.272 4,469

Gal, 3.60)7 2,S04 1,630 2.795 2,841
GaAs 4.144 2.-P, 2.220 2.596 2.665
GaSb 4.044 2.01.1 1.634 2.281 1.245

lnP 3.100 4.443 3,049 2.36( 1.207
InAs 2.539 2.8 i2 3.757 2.825 3.014
InSb 4.012 2.907 2.533 2.751 3.134

ZnSe 1.874 1.185 1.838 1.330 3.1 SS
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TABLE 11. Pressure coefficients of ziticiblendc semicnnductors (in meV/kbar).

Semiconductor dEr /dp dEL Idp dEx /dp dELr /dp dExr/dp

Si 1.0 6.2 3.0 5.5" - 1.5
Ge 14.2 7.8 5.5 5.0 -1.5

AlP 11.8" 5.21" -0. 62h 4.36" -2.2h

AlAs 12.6 h  6.27" 0.58h 4.82" -- 2.5"
AISb 9.00 7.5" 4.0- 6.4" - 1.5

Gal' 10.5 5.8 1.8" 2." - 1.1
GaAs 10.7 5.0 4.6' 5.51 - 1.51
GaSb 14.7 7.5 6.0 5.0 - 1.5"

InP 8.5 7.5' 4.6' 6.8' 1.8"
InAs 10.15 7.0 35j 4.8' -0.024
InSb 15.5 8.5 6.0 S.3' - 1.1I:

ZnSe 7.0 2.5' -0.3" L;4 - 2.0'

'Reference 20.
'R.-D. Hong, S. Lee, 4nd J. D. Dow (unpublished).
cReference 21. All other experimental values are those cited in Ref. 20.

V, =fl (w,(impurity) - w,(host)) , hydrostatic-pressure derivatives of the band gaps at r, X,
and L symmetry points of the Brillouin zone. The ex-

Vp =f3p(wp(impurity)-wp(host)) , pone.its 77tr are presented in Table I, and the ixperimen-

and tal pressure coefficients used to determine them are given
in Table II.21V ,=0,

III. RESULTS
where the energies w,(l =s or p) are atomic-orbital ener-

gies in the solid, 14 and /3, and fl are constants (0.8 and For the tetrahedral ( Td. symmetry of zinc-blende semi-
0.6, respectively-), These approximations to the defect- conductors, the secular determinant reduces to two scalar
potential matrix of a specific impurity, V, are needed to equations, one for s-like A-symmetry deep levels,
associate a particular deep-level energy E or pressure
derivative dE/dp with the impurity. They are not neces- .4I (s,b,O k,X) I /E -E(k,X)]
sary to obtain a relationship between dE/dp and E,,how-
ever, because this relationship depends only on the ex- and another forp-like T2 levels,
istence of such a matrix V, not on our ability to accurate-
ly predict the umerical'values of its matrix elements. ( U)' - j (p,b,01 k,X) j 2/[E -E(k,X)]

Hydrostatic pressure does not affect the defect poten-
tial withintl'e context of the Hjalmarson model, because We evaluate the sums using the special-points method 22

the defect potential does not depend on the Lond length. for fixed E, and then graphically determine the defect po-
It does alter the off-diagonal two-center matrix elements tentials V that produce a level at that energy. This pro-
of the host Hamiltonian Ho, however, because these ma- cess is repeated for the pressurized semiconductor to ob-
trix elements depend on the bond length d: tain dE/dp versus V also. Then the defect potential V is

eliminated to yield dE/dp as , function of E.
H =.=H1,.(do/d) '• It should be emphasized that there are two levels ofap-

Here, Hl.r, and ti . (1,1'=s, p, and s*) are the off- proximation in the theory for the defect-potential matrix
diagonal matrix elements corresponding to the 'bond Y (i) the diagonal form (with arbitrary matrix elementsdiagnalmatix eemets orreponingto te bnd , and V/t Vwhich is the only approximation entering into
lengths d, and d, respectively, do is the zero-pressure , P

bond length; the finite-pressure bond length d is obtained the determination of dE/dp as a function of E, and intro-
from the hydrostatic pressure p by using Murnaghan'siX duces a small theoretiea' uncertar:-o of -0.5 meV/kbarequation ofstate into dE/dp;" and (ii) the expressions of V, and V, interms of atomic energies, which are necessary to associate

p =[B 1/(dB)/dp)][(d 1 d)"u - I] ; a deep level E with a particular impurity (or defect poten-
tial) and introduce an uncertainty in E of about -A.3 -V.

and nt.. are exponents with values near 2, according to Thus, the uncertainty in dE/dp as a function of V, which
both Harrison1' and Vogl et al. 14 We have obtained, by is the combination of these two uncertainties, is consider-
trial and error, %ets of exponents yt,, that reproduce rath- ably larger than the uncertainty in dEldp ,as a function
er well the observed deformation potentials or of E Iby typically a factor of 4, as '.an be deduced, for ex-
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ample, from Fig. 2). Thus, although theuncertainty in E terial-whose band gap is smaller than-the tbeoretical unm
for a particlar defect is comparable with the band gap of certainty. The predkted pressure. deivatives dEl dp-ar
InSb and the uncertainty in dE/dp for that defect is a given in Fig. 2 as Tunctions of the deep-level energles -E.
significant fraciion of the predicted range of possible (The estimated theoretical ,ncertainty in di:/dp is
values for dE/dp, the uncertainty in dE/dp for a particu- roughly 0.5 meV/kbar.) The impurities associated
lar level E is considerably smaller, and so that relation- theoretically with the deep-levels E are also displayed on
ship can be used to determine the symmetry of the deep each curve-although this association is limited by a-
level and the site of its pgrent impurity, even though few-tenths-of-anmeV thcoretical uncertainty-in the energy
unambiguous determination of the defect, namely, highly E of the deep level associated with a specific impurity.
accurate determination of E( V), is not possible. Here we Therefore we have shown on the sides of the figure those
exploit this fact and note tlat similar elimination of the impurities (including the vacancy, denoted Va) that
defect potential from the- theory of ENDOR and ESR might have deep levels in the band gap if the theory's
spectra of deep levels produced successful and accurate deep-level predictions were altered by 0.3 eV. We have
theories.' considered as impurities the atoms from columns IIB and

The theoretical uncertainty of -0.5 meV/kbar in IllI-VIII of the Periodic Table, as well as Li, Na, K, Rb,
dE/dp was first arrived at" by varying the major ele- Be, and Mg.
ments of the theory, such as the tight-bindirg matrix ele- To illustrate how the theory can be applied to identify
ments and exponents 77, over the range of reasonable pos- deep impurities, consider the deep levels observed by Ala-
sibilities. It has been borne out by experiments for the dashvili et al.25 near 0.15 eV in InSb, with pressure
A I deep level of a N impurity on an anion site in GaP derivatives of - 1 meV/kbar. These levels (see Fig. 2)
(Refs. 12 and 23) and in GaAs (Ref. 24), which have ex- correspond to either In-site T, levels or In-site A 1 levels
hibited the predicted pressure coefficients dE/dp. The within the uncertainty of 0. meV/kbr. However, no
theory can rather accurately predict a derivative dE/dp In-site T, levels lie at such energies. to within 4-0.3 eV,
associated with a deep level E, even though it cannot ac- indicating that the ornly candidates from the set of s- and
curately assign an impurity to a given energy. p.bonded substitutional impurities for producing these
. Since the relationship dE/dp versus E depends on the levels are the In-site A levels: S, Rn, Se, I, At, C, Te, P,

site of the impurity and the symmetry of its deep level, As, Po, Sb, Ge, Bi, and Si. Thus ss: have reduced the
comparison of data for dE/dp and E with theory can possibilities to some impurities from Columns IV, V, and
yield the site of the impurity and the symmetry of its VI of the Periodic Table on the In site, producing A,-
deep level. Once the site and the ,.ymmetry tre known, symmetric levels.
the number of candidates for producing such a level E (to Two of these defects are very likely to be present in
within a few tenths of an eV) is greatly reduced. InSb: C and Sb. While C is very likely more soluble on

We illustrate this point for deep levels in lnSb, a ma- the In site ttan Sb, the native antisite defect should also

be easily formed. In this regard, we note that the concen-
tration of antisite defects should be greatly increased by
radiaticn damage, and so such studies of Aladashvili's

_'nSb deep levels should permit identification of the deep im-

3.0 Po,Sb purity, if it is indeed an antisite defect.
L pT A..-o8i The observation of several deep levels near 0.1 eV

0, probably is due either to the defects being clustered in
SS,Rn t,,F complexes, or to there being different impurities, such as
>06,NtI C and S with nearly equal deep-level energies.
0) I

f, S '
e
'T
2 In any case, this illustration for InSb shows how

%_ OV8 h.drostatic-pressure data, when combined with deep-

N" K lRb Hg SbSi level data, can determine the site of the impurity and the
symmetry of the deep level, while simultaneously restric,-

"OL i,Zn td ing the candidates for producing the deep level to a few
Va impurities,

SThe predictions for deep impurities for other zinc-
blende sewico *.ictors are given in Figs. 3-13. For the
most part we .,.id dE/dp larger for cation-site levels than

0.0 0.1 0.2 for anion-site levels, although this situation can be re-
VBM Energy (eV) CBM versed for some (especially T, symmetric) levels if the

FIG. 2. llressurc coefliciesits dlI/dp sit meV/kb.r for deep levels are very near the conduction-band edge.

defect levels ;n InSb as functions of thei energies E (in eV) in We canunderstand these calculated results qualitative-
the band gap. The predicted values of dh/dlp and " for %pCLIf ly by using a defect-molecule model, as shov n in Fig. 14.
impurities on particlar site% are indicated by circles. On the In Fig. 14(a) are shown the In and Sb atomic energy lev-
sides of the figure are impurtie% expected to pioduce deep levels els. After solid lnSb is formed. thL atomic energy levels
in the host bands, but within 0.3 cV or the gap. The boxed, become levels in the solid, as depicted in Fig. 14(b), a'id
s;haded region corresponds to data of Aladashvili et a/. (Ref. their ordering is d;fferent f: om in the free atoms, due to
25). interaction between atoms Under hydrostatik compres.
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8.0 InP 40GaP

r'SitP -0At a nP

,At N S,, 0 N C5I

a a Vo GO SG

% I,BeZlKH9  NoF At.C
No

No,%t In J ztK H 4 .0 _ _ _ _ _ __ _ _ _ _ _ _

5.0K Gob IBWgn4.0.AS 
bS 8S

.0 0.7 0.0.1000 M .2 16 2

3- .0 GcAb 0-%' 4ArN5 A~B >~ 1. 0b N0 BS

At IA N

E v I,At JC
% 0 No~ 0-j

LIJ1.0 ArO2.5.~ C I
N 10

-1.01_ __ _ __ _ __ _ _ -6.0 V

0.0 0S OS .80.00 1.60
VBM Energy (eV) cam V8M Energy CeV) Cam
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coefficient of' the Sb T, levels are small in magnitude.
____In__T2 The In-site 4 1-symmetric impurity levels in the band gap

~C~n -~have a larger pressure dependence than In-site T, levels,

A because the 4 host levels are closer to the gap and
_________ ,~ I nr A, hence repel impurity levels more. These general rules

~(ST.- normally govern the pressure dependencies of the deep
P _________.. 2impurity levels -at hough they are sufficiently qualita.

tive in character that exceptions to them are to be ex~pect.

63(Sb ed.In summary, wve have predicted the hydrostatic-
pressure dependencies of deep levels in 12 semiconduic-
tors and have shown how pressure data can be analyz.ed

-S b Al to yield the site of the deep impurity, the symmetry of the
(a) Atom b) SolIid deep level, and either the impurity itself or a handful of

candidates likely to be the impurity responsible for the
FIG. 14. Defect-molecule model foi lnSb. (a) Atomic energy deep level.

level% Is and p orbi~alo for In and Sb. (b) In the zinc-blende
crystal symmetry, the atomic energy Ikvels form singlet .41l, ev.
els and triplet Tj levels, The shaded region is approximately ACKNOWLEDGMENTS
the band gap of lnSb. The arrows indicate the expected dire*
tions of movement of these host levels land the impurity levels We thank Scongbok Lee for stimulating conversations
derived from them) when hydrostatic compression is applied to and the U. S. Office of Naval Research (Contract No,
the InSb crystal. N00014-84-K-0352) for their generous support.
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Dependence on uniaxial stress of deep levels hi'III-V compound
and group-IV elemental semiconductors
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The uniaxial-stress dependences of substitutional s- and p-bonded deep impurity levels in the
semiconductors AlP, AlAs, AISb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, and Ge are studied
theoretically for stresses applied along the [100], (110], and (Ill] directions. We find that stress ap-
plied along the (110) direction, in particular, causes splittings and shifts or deep levels associated
with a point defect that can be used (i) to determine uniquely the symmetries of the levels (s-like or
p-like) and (ii) to identify the site (anion or cation) of th': associated impurity.

I. INTRODUCTION shallow levels described by effective.mass theory.5 Under
hydrostatic pressure, the shallow levels tend to follow the

Substitutional defects in semiconductors give rise to lo- associated band edge:6 the levels shift in energy at.
calized states with energy levels often lying deep in the amount roughly equal to the shift in the associated band
fundamental energy-band gap. Given experimental evi- edge. In contrast, deep levels do not follow the band
dence of such a level, it is difficult to associate the level edge. For example, Wolford et al.7 have shnwl that the
with a specific impurity, based on the energy of the level conduction-band edge in GaAs rises faster in energy un-
alone, due to the hostlike nature of substitutional impuri- der hydrostatic pressure than the N deep level, At zero
ty states. Although different impur:ties havedefect po- pressure this level is actually resonant with the conduc-
tentials that differ by typically I to 10 eV,l 0.:ir deep. tion band and emerges into the fundamental energy-band
level wave functions are antibonding and hostlike in char- gap at a pressure of 22 kbar. The level clearly does not
acter, with very little amplitude in the impurity cell. As follow the conduction-band edge and so is necessarily a
a result their wave functions depend very little on the im- deep level. (Here, we use the new definition or a deep Iev.
purity and hwnce the deep energy levels of different im- ell as one caused by the derect's central-cell potential,
purities often lie within a few tenthr of an eV of one and not the old definition: a level more than 0.1 eV deep
another, in the gap. As a result, we term the s-like N A1-

Since, to a good approximation, the wave f, nctions of symmctric level in GaAs deep, athough i: lies above the
an s-like ( A 1) or p-like (7T0) deep level associated with an conduction-band edge.)
impurity on a secific site (anion or cation) is independen. Hydrostatic-pressure measurements car, confirm that a
of the impurity,- it v very difficult to perform an electron- level is not attached to any nearb, band edge, and there.
ic experiment on a deep level that will identify the impur- fore is indeed deep. Moreover, Ren et al.1 and Hong
ity responsible for it. Experiments that probe the core et al.9 have shown that quantitative analyses of such
[such as extended x-ray-absorption fine structure (EX- measurements can determine the site, anion or cation,
AFS) tRef. 3)] or the nucleus (such as electron-nuclear and the symmetry, A I (s-like) or T2 t,--like), for some,
double resonance (ENDOR) (Ref. 4)] ar needed for such but not all, deep levels. In contrast to hydrostatic pres.
identification. NLvertheless, as we show here, electronic sure, which merely shifts the energies of the deep levels,
experiments that probe the deep level's energy or wave uniaxial stress cau.ses Tz.symmetric deep levels to split,
function can determine the ite of the associated defect while the orbitally nondegenerate A I levels shift. Hence
and thie symmetry of its deep level, and, when informa- uniaxial stress can be even better than hydrostatic pres.
tion from several suck electronic experiments is com- sure for determining the symmetry of a deep level. More-
bined, it is often possible to eliminate all but a few impur- over, the size of the uniaxial-stress-induced splittings de-
itie. as-candidates for producing the level. pends both on the site or the impurity and on the magni-

In this paper we predict the uniaxia' stress depen- tude and direction (relative to the crystal axes, of the ap-
dences of deep leels in semiconductors and show how plied stress. Hence, analyses of stress-induced deep-level
these dependence; can be used to facilitate the associa- splittings can help determine not only the symm.try of
tion of specific inpuriies with obser\ ed deep levcls. We the level, but also whether the impurity is ott the anton or
treat s- and p-bonded substitutional impurities in the the cation site.
semiconducors AlP, AlAs, AISh, Z..P, GaAs, GaSb,
InP, InAs, InSb, Si, and Ge, with the ap:.':., stress in the 11. THEORY
[100], (110], and [Ill] directions.

Deep impurity states are due to the central-cell poten- Our calculatiLw -ofr he dependeacies on untaxtal stress
tial and are fundamentally different from the well-known of deep levels are based on the theory of Hjalmarson
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et al.I and extensions of those theories by Ren et al.8  Ak, =P((cll +2ce 2)n2-C12]k/(cl, +2c, 2 )(c, -C 2 )
Our basic approach is to construct an empirical tight-
binding Hamiltonian fo the stressed semiconductor, +nx n k%(/-44"n, n. k!/2c,. (3)
based on the ideas of Vogl et al. it) In order to do this we Similar expressions hold for other components of the dis-
must first determine how a particular uniaxial stress placement Ak.13

changes bond lengths in the semiconductor. We consider lac t ter an
two types of stress-induced changes of atomic positions positions, due to applied stress, of all the atoms in the
and bond lengths: (i) If there is not a shear strain, the semiconductor except for the atom at 'he origin [see Eq.
changes of the relative positions of all the atoms in the 1  o
crystal are given simply by first-order elasticity theory, ()]. Kleinman'2 pointed out that if we choose the originat the unstrained position of an atom, that atom moves a
a n d (ii: if th ere is a sh ea r stra in , " in tern a l d isp lace. a t a nh e r o po tio n o a a a to m ,d stres P, w h en sth

ments"'12 must also be considered. distance proportional to the applied stress P, when the

In terms of first-order elasticity theory, the change in stress involves shear, as is the case for pressures directed
thersco st-order eanatoinitialloy t pohagn along the [110] or (11i] axes (but not for the (100 stress).the x coordinate of an atom initially at position Sgm eradNyrcnrmdKimnsitra)

r'-x,Y,x) relative to the origin is Segmiiler and Neyer confirmed Kleinman's internal.displacement prediction for [I II] stress in Ge and Si (see

Ax =P~c,2-(c11 +2ci2 )nfl]Xo/(Ci +2C1 )(Cl,.-,) Figs. 1-3).14 Under [Ill] stress, the internal displace-ment is -IPo( 1 1, 1)/12c, 4, where P is the magni.ude
-nXny 0/2C44-n4 n:zo/2c*4 , (!) of the Stress, 04. is the elastic constant for shear strains,

al, is the lattice constant, and " is N.leinman's internal-
where c1l and c12 are the longitudinal and transverse displacenment parameti 12 (Fig, 3). Under (110] stress,
elastic constants and c44 is the shear elastic constant. the intern-I ;isplacemet.t is -gPa4(0,0, I /Sc44.
Similar expressions hold for other components if the dis- Harriso': has calculated Kleinman's (,aramcter for a
placement Ar. 1 Here, the stress is number of -inc-blende 111-V compound and group-IN' ele.

mental seaiconductors, and has found all to be close to
,n,,n:) , (2) 0.6.1$ Thus we take =0.6 for all semiconductors studied

here. We then compute the nearest-neighbor bond
where P is the magnitude of the applied force per unit lengths d given in Table I ,see Figs. 1-3), including both
area and nX, n ,na are the cosines defining the direction of the effects of first-order elasticity theory and internal.
the applied stress, displacement theory.

Under uniaxial stress, the Brillouin zone in momentum With the stress-perturbed bond lengths determined
space also changes due to changes in the atomic posi- from first-order elasticity theory and internal-
tions. In terms of first-order elasticity theory, the change displacement theory, it is possible to construct an empir-
in thex component of the wave vector k=kW,k0,k0 ) is cal tight-binding Hamiltonian for the str:.-sed semicon-

TABLE 1. Relative change in bond lengths, d/d,, between atoms at the origin (zero-stre.s and the
nearest-neighbor atoms in a zine-blende crystal structure under stress .ipplied in the (100], (1 10], mid
(I Ill directions (see Figs. 1-3). The bulk modulus is defined in elasticity theoryby. ft =(c, + 2C,21/3

Stress Zero.,tress position Relatik.. change in
direction of neighbor bond length did.,

[IX) iu..j I, I.,l) I1 - P/B)
[I X)l !at l,-I -1 I - P/MB
I IOXl-int.L( I,, I I- P/0B)

I(IOlt I,- ! (I -P19B)

(It 10j: ,I.I I -IP19B)I I +.%tl [( 1 -. )/2c14 ]
[11I0] latt I, - 1, - I1) 1 -(P /98B)11 -381(lI -t-/c, J

( t t ol..a , ( -- i I )( PI -t I)/ ) ) + 3 B J)[( 1 - .1/ 2 e,4 j] l

fill) t~~)( (/BJ~-1)(-)c I

fill] !at- -,- I'll (I tP/91?)lI-B[(l+p)/c,,II)
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FIG. 3. Schematic illustration of change of atomic positionsFIG. I. Schematic illustration of change of atomic positions of an impurity and its neighbors, induced by untaxial stress in

of an impurity and its neighbors, induced by uniaxial stress in the a11n 1 direction. Solid (dashed) circles ar thx positions of

the (100] direction. Solid (dashed) circles are the positions of tom undere o (fini e) str es re pos tcos o
atom uner ero(fiite stess.Eac oftheneihbos sift atoms under zc-ro (finite) stress. One neighbor sh-As closer to

atoms under zero (finite) stress. Each of the neighbors shift the impurity., The other-three neighborsshift slightly further
closer to the impurity, by the same distance. Each neighbor from the impurity and further from each other, The impurity
moe shirts closer to another neighbor. The impurty does not displaces in the (TTT] direction (see text). The stecss causes p.
move under [t00l applied stress. The stress causes p-like Tz "m- like: T2 impurity fevels to split: one state, a1, is directed along

purity levels to split: one state, 61, is directed along the stress the stress direction and two states, e (not shown), are directed

direction and the other two states (not shown) are perpendicular perpendicular to the stress ,

to the stress direction,

ductor. Following the ideas of Slater and Kcster, 16 Har-
rison, 1

7 and Vogl et al., 1 we; use a ten-band, nearest-
neighbor model to treat the electronic structure, with an
sp3s orbital basis centered on each atomic site. (The sp3

110 basis is needed to reproduce the chemistri of the covalent
bonding; the additional orbital, s*, is required to yield
indirect-gap band structures, such as those of Si and

f in ite GaP.) In the zero-stress case the model is the same as
Z {trews that of Vogl et al., and has the property that the diagonal

(on-site) matrix elements depend on the atomic energies,
but not on the bond lengths. Thus we assume that stress
does not alter the Hamiltonian's on-site matrix elements,

zero b but that the stress-induced bond-angle distortions and
stress, internal bond-length changes can be incorporated into the off-

a-" d isp locement diagonal matrix elements of the Yogi TIami!tonian by us-
ing the Slater-Koster definitions' 6 of these matrix ele.
ments and a generalization of Harrison's rule" for their

[0013 dependence on bond length: for the matrix element be-
tween s and Px states on neighboring states we have

VY,, = O [cos(9)/cos(Oo)](do/d) (4)
FIG. 2. Schematic illustration of change of atomic positions

of an impurity and its neighbors, induced by uniaxial stress in with similar expressions for the dependences of the other
the [110 direction, Solid .dashed) circles are the positions of ofr-diagonal matrix elements on d and 0. Here do and d
atoms under zero (finite) stress. Two of the neighbors shift are the zero- and finite-stress bond lengths; 0o and 0 are
closer to the impurity by the same distance and the other two the zero- and finite-stress bond angles relative to the -rys-
neighbors shift very little. The two neighbors that shift also
shift closer to each other. The impurity displaces in the [0011 tal axes, and Vs is the zero-stress matrix element. The
direction (see text). The stress causes p-like T" impurity levels coefficients "q. were fitted previously' 9  to the
to split: one state, b2, is directed along the stress direction and hydrostatic-pressure dependences of the energy-band gap
two states are directed perpendicular to the stress-aI is direct- and are listed in Table II. With these matrix elements it
ed along the [001] direction and b, is (not shown) directed along is possible to construct the Hamiltonian Ho for the
the (ITO] direction, stressed semiconductor.
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TABLE II. Exponents 71 for the bond-length dependence of the nearest-neighbor matrix elements
[see Eq. (2)1] and elastic constants c,,, ciz, and c,,,. Exponents are taken from Rcfs. 8 and 9 and elastic
constants from Ref 17, unless noted otherwise.

71
17

$.p 
2 1

gX77.y 77*. i C 12 C",

AlP 2386 1.637 1.521 1.247 2.486 (14.12 6.25 7.05P
AlAs 3.205 1.656 2.398 1.706 3.214 (9.85 4.44 4.9 5 b

A!Sb 2.553 4.249 1.192 3.272 4.469 8.94 4.43 4.16

GaP 3.697 2.804 1.630 2.795 .841 14.12 6.25 7.05
GaAs A.144 2.341 2.596 2.220 2.665 11.81 5.32 5.92
GaSb 2.719 2.923 2.119 1.172 3.891 8.84 4.03 4.32

InP 3.100 4.443 3.049 2.366 1.207 10.22 5.76 4.60
InAs 2.539 2.812 3.757 2.825 3.014 8.33 4.53 3.96
InSb 4.012 2.987 2.533 2.751 3.134 6.67 3.65 3.02

Si 3.000 1.600 3.825 2.600 3.327 16.57 6.39 7.96
Ge 4.400 2.400 2.300 2.500 3.982 12.89 4.83 6.71

'Elastic constants for AlP are taken to be the same as those for GaP. We are unaware of any experi-
mental values for AlP.
bElastic constants for AlAs are taken from C. Coivard, R. Merlin, M. V. Klein, and A. C. Gossard,

Phys. Rev. Lett. 45, 298 (1980).

The defect levels are calculated by solving Dyson's that a theory of dE/dP as a function of E would be free
equation, of the relatively large uncertainties (associated with the

approximate 'alue of the defect potential V) to be found
det(l-GoV)=0, in a theory of dE/dP as a function of V.

where Go0 is the host Green's function and V is the defect
potential. The host Green's-function operator is III. RESULTS

Go(E)=(E-Ho) - ' . (6) The predicted uniaxial-stress derivatives dEldP of
deep levels in the band gap of AlAs, for stress applied in

The defect potential V is a diagonal matrix with its the [100], [110], and [I11] directions, are shown in Figs.
nonzero diagonal matrix elements V and V determined 4, 5, and 6 respectively. The pressure coefficients dE/dP
using the prescription of Hjalmarson et al. ' The impuri- are plotted as functions of defect energy level (relative to
ty levels are computed for both zero stress and finite the valence-band edge) for all s- and p-bonded impurities
stress. Stress derivatives are then computed at a small with levels in the gap. These results are representative of
pressure (P=0.5 kbar).18  the 111-V compound semiconductors.

While we could plot E versus V, or V.' and (as original- Note that the signs and the magnitudes of the splittings
ly predicted by Hjalmarson et al. I) dE/dP versus the ap- and the shifts depend rather sensitively on the energy of
propriate V, thereby predicting both deep levels and their the level in the gap, on the site of the impurity, and on
pressure derivatives, it is now well established that the the direction of the applied stress.
theory produces, very reliable relationships such as E No simple ordering of pressure derivatives is to be ex-
versus dE/dP, whdreas its absolute predictions of energy pected. This is because the pressure derivatives of deep
levels (E versus V) are less reliable.3 Therefore we plot levels are sensitive to shifts in pressure of both
dE/dP versus E, while labeling the lines of each figure conduction- and valence-band densities of states-as
with the impurities whose defect potentials Vare predict- pointed out by Hong et al." for the case of hydrostatic
ed to produce deep levels at the energy E. The reason pressure (see below.)
that the relationships are so reliable is that they can be
calculated without knowing the defect potential V pre- A. Symmetry
cisely. A difference of only a few eV in the defect poten-
tial can catuse a few-tenths-of-an-eV difference in an ener- Uniaxial stress shifts the s-like A I levels and splits the
gy level in the gap, but the uncertainty in V does not p-like T, levels, regardless of whether the stress is applied
affect the relationship between dE/dP and E. Deep-level along the [100], (110], or [I 1] axes. For %tress along the
wave functions are typically antibonding and hostlike,2  [110] direction, tGi threefold degeneracy of a T, state is
and so. although defect potentials that produce deep lev- completely removed, whereas in the [100] and [111]
els in the band gap may differ by large amounts, say directions a threefold-degencrate T, state is split into a
several eV, the energy levels and wave functions of those twofold-degener..te level and a nondegenerate level (see
deep levels are much closer to one another -indicating below.) This splitting, if it is observed, will distinguish a
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T 2 level from an .1 level.19 However, the absence of an 1 0 0 CL 8rNSSeIAtCTaPA PoSb~e&S I

observable splitting is not conclusive evidence for the A 0 0 SnPb
character of a level-because the splitting may be too L-1.0 A
small to be resolved.

There do not appear to be any general rules stating, for \ S.0 IZSS_,
example, that T 2 states associated with anion-site impuri- > T IAt

ties split more than cation-site impurities. Therefore, E 3.0

while the splittings may indicate the symmetry of a deep b 2 bi - - \\ [,

level, quantita::ve analyses of the observed splittings may "o 1.0
be necessary to determine the site of the parent impurity. W -1.0

B. A, -derived states -3.0 IS

For uni-ixial stress in any of the directions [100], [110], H9 bI
or [111], or for hydrostatic pressure,8' 9 the A, states -5.0 ,.

, 0.0 1.1 2.2
behave similarly for all the semiconductors: these tates 0.0 1. V)
exhibit rather small pressure derivatives of magnitude

I meV/kbar, that may be either positive or negative FIG. 5. Predicted pressure derivatives dE/dP;o,' meV/kbar)
(depending on the site of the impurity and the energy of vs deep trap energy E (in eV) for s- and p-bonded "ubstitutional
the level), and are almost the same for all deep levels in point defects in AlAs with uniaxial stress along the [110] direc-
the band gap. Hence, to a good approximation, the A1 tion. The upper panel is for the A1-symmetric (s-like) states

and the lower panel is for the T:-symmetric (p-like) states. The
predictions for the cation-site defects are shown by dashed lines,

1 0 C1 BrNSSIlAtCTePAs PoSb , S I BeB the anion-site predictions by solid lines. The impurities predict-
,,O00 "' '---= :.: . - ---. ¢-x:rSn p b ed to produce deep levels of energy E are denoted by circles

.-10 Al (cation site) and squares (anion site), although allowance should
Va FOCI be made for these predictions being uncertain by a few tenths of

3 -2.0 . . . JBiNSS  eV. A box is used to denote several impurity levels lying close
-IA in energy (impurities corresponding to the box are indicated).> a) AAs C 100 ]

E 3.0. 0.. T V F\ ,S.,
1.0 P,AL,

A3,Te, 1.0 0C1BrNSS*IAtCT*PAsPoSbjIjSi, Be,B,
LJ SbB I, 0 1 .... --- . .. Sn,Pb3 -1-0 0,.

b2,, -. 0 AlSIG, -- 2.tVa F OCt I~8r
-3.0 F IC LBr n C. 0 __ _ __Y_,__,N,

-. K - > I,A.
0.0 1'.1 22 E 3.0. AiA5 [111] V 0F i~ .

Energy eV) M - .. F IS

- 1.0 P, A ,

FIG. 4. Predicted pressure derivatives dE/dP (in meV/kbar) wl .... - "

vs deep trap energy E (in eV) for s- and p.bonded substitutional " -1.0 11- .b..
point defects in AlAs with uniaxial stress along the [100] direc- '\Hg e 0N C 1  SIGe,
tion. The upper panel is for the AI-symmetric (s-like) states -3.0 K Br S ISn
and the lower panel is for the Ti-symmetric (p-like) states. The
predictions for the cation-site defects are shown as dashed lines, -5.0

the anion-site predictions by solid lines. The impurities predict- 0.0 1.1 2.2

ed to produce deep levels of energy E are denoted by circles Energy (WV)
(cation site) and squareo (anion site), although allowance should
be made for these predictions being uncertain by a few tenths of FIG. 6. Predicted pressure derivatives dE/dP (in meV/kbar)
eV. A box is used to denote several impurity levels lying close vs deep trap energy E (in eV) for s- and p-bonded substitutional
in energy (impurities corresponding to the box are indicated), point defects in AlAs with uniaxial stress along.the [Il] direc-
Deep levels associated with the rollowingimpurities are predict- tion. The upper panel is for the AI-symmetric (s-like) states
ed to lie in the conduction band but within the theoretical un- and the lower panel is for the Ta-symmetric (p-like) states. The
certainty of the band gap: A, cation site-Ga, In, and TI; T2  predictions for the cation-site defects are shown by dashed lines,
cation ate-Pb, Ga, In, and TI; A I anion site-C, Te, P, and the anion-site predictions by solid lines. The impurities predict-
Po; Tj anion site-N and Cl. Similarly, in the valence band ed to produce deep levels of energy E are denoted by circles
near its maximum, one might find the following: AI cation- (cation site) and squares (anion site), although allowance should
site-F and vacancy (Va); T2 cation site-vacancy, Hg, K, Na, be made for these predictions being uncertain by a few tenths of
Cd, and Li; A, anion site-K, Na, and Li; T 2 anion site-K, eV. A box is used to denote several impurity levels lying close
Na, Cd, Li, Zn, and Mg. in energy (impurities corresponding to the box are indicated).
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1. F 0 C1rNSS. IAtCT*PASPoSbG*8 iS i 1 0 F0CtBrNSS9IAtCTePA3PoSbG*B1Si

0.0 .0o
LL -10 - BrN,

y01 Al Va F 0 C1 BrN,0A Va F 0 r s
S.0 5.0

0T 2  G T100E 3.0 AWP [10031 E 3.0.V ALP [1113
% 1ab pa V o

(L o3 a- ----- ---

1.0 Va IS., 1.0-
,

PAt.,t
0 . A*,T, 0 -U1.0 . ,

S-1.0 - Po,Sb,0C 0 Po,b NB CIT .  '

-3.0. <BH -3.0. Cd,NoK H
Cd,No,K

"5.0 -5.0 .
0.00 12S 2.s0 0.00 1.25 2.S0

Energy (eV) Energy (eV)

FIG. 7. Predicted pressure derivati, es dE/dP vs energy E FIG. 9. Predicted pressure derivatives dEldP vs energy E

for uniaxial stress applied to AlP along the [100] direction as in for uniaxial stress applied to AlP along the [I I I] direction as in

Fig. 4. Deep levels associated with the following impurities are Fig. 6.
predicted to lie in the conduction band, but within the theoreti-
cal uncertainty of the band gap: A 1 cation site-Be, B, Sn, Pb,
Ga, In, and TI; T2 cation site-Si, Ge, Sn, Pb, Ga, In, and T1; sponsible for that level occupies a cation site rather than
AI anion site-I, At, C, Te, As, and Po; T2 anion site-F, 0, an anion site. Hong et aL. have shown how this behav-
N, and Cl. Similarly, in the valence band near its maximum, ior can be understood for InSb: the pressure derivatives

one might find the following: A I cation site-vacancy, K, Na, of deep levels in the gap of InSb, a material similar to

and Li; Tz cation site-Hg, K, Na, Cd, and Li; AI anion AlAs, result from competition between the conduction-

site-K, Na, and Li; T2 anion site-K, Na, Cd, Li, Zn, and band states repelling the level downward in energy and

Mg. the valence-band states pushing the level upward in ener-
gy. The valence band is anionlike in character and shifts

deep levels in the gap appear to be almost "attached" to
the average valence-band maximum:18 when stress is ap- 2.0 S* IAtCT9PAa SbG.BISi i Be

plied, they move in energy an amount comparable (to -, 1.0 , .P Sn

within ±1 meV/kbar) with the shift of the average L - .

valence-band maximum. .0 -1.0 Al -- BNSSIAtP,Ao
In general, dE/dP for an A 1 state ofa given deep-level - -2.0 -

* F
energy E in the gap is more positive if the impurity re- > S.0 Va .

E0)T
3.0. T AlSb [100]

F0C BprNSS*IAtCTePASPoSbG*SiSi 1.01 i
0- 00 ... .., -.- ,Te*'

-o-1.0 vo Po,Sb

0 -10 Ai- - * BrN, o -

.o Al va F o ct ss -3.0 0 tCLr s
\5.0

0 Va T2  ALP 1100 _____o
E 03.0 0.00 0.95 1.90

Energy (eV)
"a1.0 %J ,, al .b t,..- ,-- . VC ip, t.,s

P1.0O8 FIG. 10. Predicted pre, ,re derivatives dE/dP vs energy E
bjal F 0NI C 81,8., for uniaxial stress applied to AlSb along the [100] direction as in

-3.0 - H__SC B Fig. 4. Deep levels associated with the following impurities are
Cd,No,K predicted to lie on the condt'ition band, hut within the theoreti-

-5.0 cal uncertainty of the band gap: A, cation site-Pb. Ga, In,
0.00 1.22.so and TI; Tz cation site-Bi, Be, B, Si. Ge, Sn, Pb, Ga, In, and TI;

Energy (eV) A anion site-Po, Sb, Ge, i, Si, Be, and B; 7, anion site-F,

0, N, and Cl. Similarly, in the valence band near its maximum,

FIG. 8. Predicted pressure derivatives dE/dP vs energy E one might find the following: Al cation site-F, vacancy, K,
for uniaxial stress applied to AlP along the [110] direction as in Na, and Li; T, cation site- Hg, K, Na, Cd, and Li; Al anion
Fig. 5. site-K, Na, and Li; T2 anion site-Ga, In, and TI.
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2.0 So ItCTsPA3 SbGe8iSi 898 10CTePAs Sij~

L~4 00 Sn4 1 ~~ 0 0 CIBrN S S.I At ;# P0
n -1.0 AL -,e 1.0

ICTVo Al F oC1~~~r
-200ClBi-NSS@I At 1PA -X S ,Se,

> S.0. Vo F da

A .0 Ta AiSb 1101E3. GPC10

31.0. 2 T2 2 -'..*b

1.0 bj% .....

-3.0 aH F' 0C~ N -3.0 b . s,

-S.0 -S.0 .o
0.00 0.95 1.9c 0.00 M.s 2.30

Energy We) Energy (eV)

FIG. 11. Predicted pressure derivativcs dE/dP vs cnergy E FIG. 13. Predicted pressure derivatives dE/dP vs energy E
for unkaxial stress applied to AISb along the (110] direction as in for uniaxial stress applied to GaP along the (100] direction as in
Fig.S5. Fig. 4. Deep levels associated with the following impurities are

predicted to lie in the conduction band, but within the theoreti-
cal uncertainty of the band gap: A, cation site- Be, B, Sri, Pb,

to lwerent.rgis uner ydrotatc prssue, wilethe Al, In, and TI; T, cation site- Pb, Al, In, TI, Mg, and Zn; A I
to l wer en -gis u der hyd ost tic pre sur , w ile the anion site-A t, C. Te, As, Po, Sb, Ge, Bi, and Si; Tz anion

conduction band is cationlike in character and shifts tosite-N, 0, Cl, and Br. Similarly, in the valence bnnd near its
higher energies. An impurity on an anion site with a maximum, one might find the following: A,1 cation site-O, F,
deep level in the gap will therefore have an anionlike vacancy; T, cation site-vacancy, Hg, K, Na, Cd, and Li; A,
response to pressure: a more negative pressure derivative anion site-K, Na, and Li; T, anion site- Li, Zn, and Mg.
than a cation-site defect with the same deep-level energy.

C. T2-derived states 1. [1001 direction

Typically (but not always) dE/dP is several times The point-group symmetry of a substitutional impurity
larger for the T2-derived states than for the A -.derived in a zinc-blende semiconductor is Td for zero stress. For
states: In general, the results found for AlAs are similar uniaxial stress applied in the (100] direct-on this symme-
both to thos- found previously for GaAs and GaP (Ref. try is reduced to D2d.8,19 The s-like A 1 irreducible repre-
2) and to those found here for the other semiconductors. sentation of 7'd corresponds to an a I representation of

Dzd-3 a The p-like T2 representation reduces (see Fig. 1)

2.0 BrNSS.IAtCT*PA3. SbGeDiSI a. 1.0 ______ CTPA5 Sb G8 I

1.0. cL\V .- 2 ~ 4 S " 0.0 CI8rN S SoIAt

L 0.0L 10.

-,e 0.4..4.*-*GAe

-5.0. A___ __ __ __ __ __Y_

-. 00 0.9 .001.3
Enrg CeV Eeg C1103

FIG T2 Prdce prsuedrvtvs3Ed seeg I.0 1 Pedited rsue eiaiesd/Pvseegq
for una 2a stesaitoSb along the Z4II diecio asibo ailsrs ple to Ga ln he(11dreto si

Fig 6. Fig 5. j
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10S.I At CT ePAa POSb G 1i SI CTePAspo Sb aeB1i

AL Va F C ,,-1.0 LV0.

3.00 Hg b1 Va F V r,
1. -. 0 .-

-0. GaPA111 a 1  b s.b2~

-3. F. NasC10
%_0 A e 9 T2%.0 .0 1 S V C

.0.0 1.0 .00 Z.7 1.t50

F-g.. BinC ig -. 0 1 

toG a5 nondegeected p2 represdentations (ad stenolrizy larG. 7 rdersue derivativetosymrbease here are ener-

along the [100) direction) and a doubly degenerate e rep- lagie o hc h derivative is l2Smetyeage athre arefuler
resentation (p states polarized along the perpendicular anies wis hed.)atv sage;amoecaeu
directions to the [100]).19 Typically the b2 states, being Tyally but nonlwyehdelvedndte.)lee
polarized along the stress axis, are more sensitive to the Tyialbtntlwsheeevlndhe2lvl
uniaxial stress than the e states, and are also typically split from one another, with one level rising and one level
several times more sensitivo to stress than the A 1-derived falling in energy. The b2 level typically has a derivative

a I tats. Thi doe no men, owevr, hatexpri- larger in magnitude than the e level. This behavior is a
mestts. fihis olee noth man howgevertat edp- consequence of the following physics: hydrostatic pres-

ment fidin on levl wth lager eriatie d/dP sure physically is equivalent to stresseq applied simultane-
ously in the (100], (0101, and (0011 directions. Thus these

e CToPAs Pa Sb G-WBi j levels follow the simple sum rule18

i s SeIAt1
L 0. --- --- d

1. ___________________ { ~b 2 )+2 (e).o______________ Ed dE (hydrostatic) . (7)
.0 -1. 11PdP d

b212. GA [100]
Va A F 0Concentrating on the fact that the uncertainty in the

0-3.0. Hg Va' 2.0 So.I At CTePA pe, Sb 0 I l.j

1.0 . ----- 8 00
'0-1.0 b 2 ~-- 02 a -1.0 - ~ Va F 0

2 0 N CtBr __2.__ __Al__

-3-.0 * > 5.0

-6.01 -__E__3.0.___HS____

0.00, 0.75 1.50 '-. 1g 01 T Vo
Energy (eV) 1.0.....

w _ _ __ _ _ _

--- --- --- --- -- -------- = -o LFIG. 16. Predicted pressure derivatives dE/dP vs energy E F 0NCLr
for uniaxial stress applied to GaAs along the (1001 direction as -3.0. GaAs ['i113
in Fig. 4. Deep levels associated with the following impurities
are predicted to lie in the conduction band, but within the -5.0
theoretical uncertainty in the band gap: A I cation site- Be, B, 0.00 0.7S 1.S0
Sn, Pb, Al, In, and TI; T'2 cation site-S, C, 1, Se. P, At, As,a:nd Energy CeW)
Te; A ,anion site-Cl, Br, and N; T , anion site-F, 0, and N.
Similarly, in the valence band near its maximum, one might find
the following: A 1cation site-N, Br, Cl, 0, F; Tz cation FIG. 18. Predicted pressure derivatives dE/dP vs energy E
site--vacancy and Hg; .41 anion site-K, Na, Li, Hg, and Cd; for uniaxial stress applied to GaAs along the [1111] direction as
T, ,,-:n site-K, Na Cd, and Li. in Fig. 6.
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1.0" Sb GeBi Si 2.0

S0.0 CPTeAs Po 1, 1.0.CPTeA PO S e iA0. , .... -. .,, .. e - -- L 0.0- - - - -A
L -- -- ---- .. . .. . -------.--

-a Al - -1.0
-0 -2. -. X B N S IA

5 .OF 0 C1 Br N S SeI At .0 F 0 C1 BrN SSeI At

> " ~GoSb [100] 3. o v3.0 ..->... ..
-3.0 bl b 0 E 3.0 aG Va

T. ----

- va 1.0
W 0 -1.0 - -- - - - - - - - -- ------ N C Br

Br F 0 N C1 -30.-
-. biF 0N-3.03. T2  GcSb [1111

T 2  -5.0-___________

0.0 0.4 0.8 0.0 0.4 0.8

Energy CeV) Energy (eV)
FIG. 21. Predicted pressure derivatives dE/dP vs energy E

FIG. 19. Predicted pressure derivatives dE/dP vs energy E for uniaxial stress applied to GaSb along the [I Il] direction as
for uniaxial stress applied to GaSb along the [100] direction as in Fig. 6.
in Fig. 4. Deep levels associated with the following impurities
are predicted to lie in the conduction band, but within the
theoretical uncertainty of the band gap: A1 cation site-Be, B, eV above the valence-band maximum in AlAs, a '100]
Sn, Pb, Al, In, and TI; T2 cation site-S, C, I, Se, P, At, As, and

Te; A, anion site-C, Te, P, As, and Po; T2 anion site-F, 0, stress would have the same effect on the T2-derived

N, and Cl. Similarly, in the valence band nears its maximum, cation-site b2 and e states as the A t-derived catuon-iite

one might find the following: AI cation site-At, I, Se, and S; aI state. Thus, this impurity could be assigne d to the cat-

Tz cation site-vacancy, Hg, K, Na, and Cd; A, anion site- ion site; however, since T 2 levels may not split very much
vacancy, K, Na, Li, Hg, and Cd; T2 anion site-Hg, K, Na, for this impurity (see Fig. 4), the symmetry of the state
and Cd. could not be determined by application of [100] stress.

t'eory is of order I meV/kbar (see the Appendix), one
can see from Fig. 4 that measurements of the magnitude SoI At UoPo Sb 108 t i
dE/dP for a deep level helps determine both the symme- 30
try of the level and the site of the associated impurity, in el 2.0 S ,-----

cases such that the lines of Fig. 4 are separated by consid- L 1.0 100 Alt

erably more than this uncertainty. Even when the lines 0 .1

nearly coincide, for example, in the case of a level -0.3 _-2.0 0 , •

a)5.0

2:0 Sb GeSB Al . . .

__~~~~~~ .. ................X .
-0 -1.0 1.0 -b.,

S.O F 0 C1 Br N S So I At . ....
> ~~-3.0 r 1

2 ao b2  GoSb [110) TrE3.0. TSO A~lT

%a 2-S.
Va 0.0 0.7 1.4

10 0 Energy (eV)

0"-.0"-- BFIG. 22. Predicted pressure derivatives dE/dP vs energy E

01 F 0  N for uniaxial stress applied to lnP along the [100] direction as in
-3.0 b2 Fig. 4. Deep levels associated with the following impurities are

predicted to lie in the conduction band, but within the theoreti-
-S.00 cal uncer.Rinty of the band gap: A I cation site-Be, B, Sn, and

0.0 0.4 0.8 Pb; Tz cation site-Br, S, C, and I; A 1 anion site-vacancy and
Energy (eV) F; T2 anion site-vacancy and F. Similarly, in the valence

band near its maximum, one might find the following: A, cat-

FIG. 20. Predicted pressure derivatives dE/dP vs energy E ion site-O, Cl, Br, and N; Tz cation site-vacancy and Hg;
for uniaxial stress applied to GaSb along the [110] direction as A, anion site-Zn, Cd, Hg, Li, and Na; T2 anion site-Pb, Sn,
in Fig. 5. Ge, and Si.
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trast to the cases of stress in the,[IQO] and [111] direc- anion site-vacahcy and K; T2 anion site-,... d, In, and Ti.
tions, which leave one level doubly degenerate). The
point group of a [1 10] stressed zinc-blende semiconductor
is C2 ,120 and the p-like T2 levels split (see Fig. 2) into lev- their degeneracies. This splitting can be used as asigna-
els of symmetry a, (a p state polarized perpendicular to ture of a T2 level;- thus [I IQI-uniaxial-stress measure,
the [110] axis and-parallel to the [001] axis), b 1 (a p state ments are likely to provide-,the most information about
-polarized along the (ITO] directiz,)n), and b2 (a p state po- the symmetry of a deep level'"9

larized along the [I IO]-stress direction). The curves The similarity between the [I1101-stress derivatives and
dE/dP versus E for (110] uniaxial stress are similar--to the [l00]-stress derivatives is dueto the similarity of the
those for [100] stress, with one important exception: the strains caused by the two types of stress. Applied stress
[110] stress completely splits the T2 levels and removes alongeither direction causes two neighbors of the impuri-

ty to shift closer to each other with angular distortions
and come compressiofi. of the bonds (see Figs. I and 2).

3.0 S SoI At CT&PA5po 1Stb
A2.0~ . 2.ao S S tL 1.0f Al

.0 0. L 0.0'- Al
\ 40 K InP [111) -
>2 .0 7.0 _ _ _ _ _ _ _

.4T 2  E InA5 [110]'
CL - % 3.0. 2b

0 0L
.0J \ 1.0---- --------------- -- I

1.0 
.

1.41
0.0 0..1440

Energy (eV) 0.00.04
Energy CeV)

FIG. 24. Predicted pressure derivatives dE/dP vs energy E FIG. 26. Predicted pressure derivatives dE/dk' vs energy E
for uniaxial stre% applied to InP along the [Ill ] direction as in for uniaxial stress applied to InAs along the [110] direction as in
Fig. 6. Fig. 5.
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FIG. 27. Predicted pressure derivatives dE/dP vs energy E
for uniaxiastres; applied to InAs along the [111) direction as in FIG. 29. Predicted pressure derivatives dE/dP vs energy E
Fig. 6. for uniaxial stress applied to InSb alorg the [110] direction as in

Fig. 5.

The states directed along the stress, the b2 state in the
case of [110] applied stress and the b2 state in the case pendicular to the (1111 direction) and in a1 state (a p
[100] applied stress, have quite similar stress derivatives, state oriented along the direction of the applied stress).
as do the states directed perpendicular to the applied The point group is C3 ,2z The situation for the pressure
stress. derivatives when the uniaxial stress is applied along the

3. [111direction [11I] direction is different from that of the (100] or [110]
level splits directions. Within the uncertainty of the theory, the

For stress along the (111] direction, a curves of Fig. 6 never intersect one another (for impuri-
into a doubly degenerate e state (p states polarized per- ties on the same site) and so all T 2 levels in the gap are

predicted to split under [1111 stress-for either the
cation- or anion-site impurities. Stress applied in the

2.0 At C To P As (111] direction can always distinguish between an s-lie
I *1.. Al A I impurity state and a p-like T 2 impurity state,19 be,

L -00.0 --- .cause the T 2 states have sizable splittings. However,
.10 such a stress can almost never give the site of the associ-

\- 7.o ated impurity, because the states of the same symmetry
> 2  but associated with different sites have similar values of

3 .0 "

3.0 ,, b2  InSb 11003
Q.0 At C Te P As\ 1.0. " . . T2 A.0

W 12'.'  .0 .. . . .. .. ------
L 0.0

1.0 . Id- 1.0

-3.0 *_ --- . 7.0tK H9 >
-o 5.0 InSb [111]

0.00 0.1s 0.30 3.0 T2
Energy (eV1 .M ------ " ......... 2--

\1.0
FIG. 28. Predicted pressure derivatives dE/dP vs energy E W

for uniaxial stress applied to InSb along the [100] direction as in 1.0
Fig. 4. Deep levels associated with the following impurities are K H9predicted to lie in the conduction band, but within the theoreti- -3.0
cal uncertainty of the band gap: A I cation site-Po, Sb, Ge, Bi, -.0'
and Si; T2 cation site-vacancy and F; A I anion site-vacancy 0.00 0.1 0.30
and F; T 2 anion site-vacancy and F. Similarly, in the valence Energy (eV)
band near its maximum, one might find the following: A, cat-
ion site-N, S, Se, and I; T2 cation site-Hg, K, Na, and Cd; FIG. 30. Predicted pressure derivatives dE/dP vs energy E
A I anion site-Li, Na, and K; T 2 anion site-Zn, Li, Cd, and for uniaxial stress 5zted to InSb along the (I 11] direction as in
Na. Fig. 6.
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FIG. 31. Predicted pressure derivatives dE/dP vs energy E
for uniaxial stress applied to Si along the [100] direction as in FIG. 33. Predicted pressure derivatives dE/dP vs energy E
Fig. 4. Deep levels associated with the following impurities are for uniaxial stress applied to Si along the ( 111 direction as in
predicted to lie in the conduction band, but within the theoreti- Fig. 6.
cal uncertainty of the band gap: A-Po, Sb, Ge, and Bi;
7'2-0, N, and Cl. Similarly in the valence band near its max-
imum, one might find the following: Ai-F and O; T2- K and directed along the stress and the e states perpcndicular to
Hg. the stress.

,IV. OTHER MATERIALS
dE/dP to within 1 meV/kbar, the uncertainty of the
theory. The predicted (100]-, [110]-, and (11 l-stress depen-

The (11] stress derivatives dE/dP are quite different dences of deep substitutional impurity levels in the semi-
from the derivatives for stress applied in the [100] or conductors AlP, AISb, GaP, GaAs, GaSb, InP, InAs,
[110] directions. The strains between nearest neighbors InSb, Si, and Ge are displayed in Figs. 7-36.21 In gen-
are different under [I I] applied stress: the stress directly eral, the trends found for AlAs are also found in the de-
compresses one of the nearest-neighbor bonds and the fect levels for the remaining zinc-blende III-V compound
three remaining bonds have angular distortions and ex- semiconductors.
pand slightly (see Fig. 3). Because, to a good approxima-
tion, one bond is compressed while the other three are 1
only bent, a large splitting results between the a states 0.0

N-.0 Al S. A. CToPAPO
• 0-2.0

.X
\ S.0

1.0 ,>

L E 3.0 Ge C100 .
O10 C1l Br N S So I At CT.PA3 Va F 10

A.O'X- 1.0. ON
\ 6.0 L

a3 Si C1103 L]-1.0E3.0.\b T2
b2T2"\< . e. b 1 -3.0,

m 1.0 .- F-.

" 1.0 0.0 0.4 0.8

-3.0 
Energy (eV)

-6.0 _FIG 34. Predicted pressure deriatives dE/dP vs energy E

0.0 0.6 12 for uniaxial stress applied to Ge alo:.g the (100] direction as in

Energy (eV) Fig. 4. Deep levels associated with the following impurities are
predicted to lie in the conduction band, but within the theoreti-
cal uncertainty of the band gap: A 1-Sb, Bi, and Si; T2-Cl,

FIG. 32. Predicted pressure derivatives dE/dP vs energy E Br, S, C, and I. Similarly, in the valence band near its max-for uniaxial stress applied to Si along the [110] direction as in imum, one might find the following: A 1 -O, Cl, Br; Ta-K

Fig. 5. and Hg.
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FIG. 35. Predicted pressure derivatives dE/dP vs energy E FIG. 36. Predicted pressure derivatives dEldP vs energy E
for uniaxial stress applied to Ge along the [110] direction as in for uniaxial stress applied to Ge along the (lI i direction as in
Fig. 5. Fig. 6.

V. CONCLUSION APPENDIX: THEORETICAL UNCERTAINTY

We have examined the uniaxial-stress dcpendcnces of We estimate the uncertainty in the theory for dE/dP
deep substitutional impurity levels in the semiconductors to be -1 meV/kbar. The primary source of uncertainty
AlP, AlAs, AISb, GaP, GaAs, GaSb, InP, InAs, InSb, Si, can be traced to the Green's function, and hence to the
and Ge, for stress applied in the [100], [I 10], and [I I l] Hamiltonian matrix and its dependences on bond lengths
directions. Experiments involving stress in the (110] and angles. The contribution by the bond-length depen-
direction should be superior for determining the syinme- dence to the uncertainty has been thoroughly studied by
try of a deep level and the site of its parent defect: under Ren et al. a and Hong et al.,9 who varied the Hamiltoni-
[110] stress the p-like T 2 levels should always exhibit an matrix elements over the entire 'range of reasonable
significant splitting, with two sublevels most often mov- values and computed dE/dp for hydrostatic pressure p.
ing to higher energy if the defect occupies the cation site They deduced an uncertainty of 0.5 meV/kbar, an esti-
or with two levels normally falling to lower energy if the mate that has proven to be rather conservative in analy-
defect occupies the anion site. ses of data. The angular dependences of the matrix ele-

ments are fixed by symmetry, and so their contributions
to the uncertainty come exclusively from the fact that the
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With this reference energy, the average value of the stress (1986).

derivatives for the TZ levels, under stress applied in the [100]
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Special k points for performing integrals over the Brillouin zone of [001] and [I11] superlattices
are obtained and discussed. If the superlattice period is taken properly, the numbcr of special
points required in order to reach suitable convergence can be greatly reduced. Twelve and ten spe.
cial points will give the same accuracy for NXM [001] and [Ill] superlattices, respectively, as
Chadi's and Cohen's ten special points for bulk semiconductors, provided we have NV +M=4n, with
n an integer. These special points can also be used to calculate the corresponding integrals for
strained bulk semiconductors.

I. INTRODUCTION Since the theoretical formalism is the same for any super-
lattice consisting of cubic semiconductors, for simplicity

In many theoretical investigations involving the elec. of presentation, we discuss only zinc-blende GaAs/AlAs
tronic structures of solids., one often needs to calculate in- superlattices.
tegrals over the first Brillouin zone. Baldereschil and
Chadi and Cohen2 suggested that such integrations can
be accurately approximated by summing over a rather II. GENERAL APPROACH
small number of special k points in the Brillouin zone,
with different weights for each point. (Elaborations of We follow the general approach of Chad: and Cohen
the special point method have been given by Monkhorst, for generating special points. The. begin with one or
Pack, Chadi, and Cunningham.3-4) For example, ten spe- more wave vectors and, by subjecting these wave vectors
cial points give very satisfactory results for the Green's to symmetry operations, generate the special poi..:s. For
functions of bulk cubic semiconductors. 5  zinc-blende crystals with a face-centered-cubic Bhravais

In this paper we extend the special points method to lattice, they generated ten special points k, based on the
(001] and (11] lattice-matched NXM superlattice such starting points ,+,, , a, r We see the

as (GaAs),v(AlAs).%1 , determining the special points for equivalent special points for superlattices composed of
cases such that A' +M =4n, where N and M are the num- zinc-blende layers.
bers of two-atom-thick layers cf each slab of a superlat- In generating the special points for zinc.ll-nde materi-
tice (e.g., NaL/ 2 and MaL/ 2 are the thicknesses of the als, Chadi and Cohen actually used three types of svmme-
GaAs and AlAs slabs in a [001] GaAs-AlAs superlattice try: i) time-reversal invariance (k and -k are
period, where aL is the lattice constant of either bulk ma- equivalent); (ii) point-group symmetry (k and Tk are
terial), and : is an integer. The number of special points equivalent, where T is an element of the point group Td
needed to obtain reasonable accuracy of such integrals for zinc-blende structuresh): and (iii) transla:ional .,,mine-
can be greatly reduced if such a requirement is satisfied. try (k and k+G are equivalent, where G s a reciprocal-
In this paper we assume that the two components of the lattice vector).
superlattice a, ; perfectly lattice matched. For [001] For a superlattice, time-reversal invariance still ap-
super- lattices the three-dimensional lattice translation plies, but the point-group symmetry is lower tCt. for a
vectors can be taken to be the following: (aL/ 2)(!,1,0), [001] superlattice and C,. for a [I 11 superlattice, instead
(aLt/ 2)( 1, - 1,0), and (aL/2)(0,0,N +M) for N +M even, of Td for the bulk), and the tr:islatonal symmetry !s
or (aL2)(l,1,0), (aL/2)(l.-l,0), and (aL/2)(O,I,A' different: Certainl. the reciprc.cal-lattice vectors ,:1 the
+MI for N +M odd. For [111] superlattices the corre- direction of growth are different and some reciprocal-
sponding translation vectors are taken to be lattice vectors in perpendicular dir.ctions migh! be
(aL./2)(l,-1,0), (aL./2)(0, 1,- I), and (aL/2)(N+M, changed also for some superlautices.
N +M,01. We choose the unit of wave vector k and the At first glance, the reduced sN :rmetr% ,ppcars to great-
reciprocal lattice vectors G as 2 -w/aL, and k 1, k,, and A ly increase the number of speci,,' ioin.- needed to obtain

the same accuracy as obtained b% the ten special point s ofthe x, y, and z directions Chadi and Cohen. For example, because of the lowersymmetry of a (001] superlattice, its starting points corre-
k=(ki,k,,k)(2r/aL) sponding to the three bulk generators I 1. (- , 1+),

38 1999 @1988 The America.: Phvsical F icietv
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and (1,1,1) are (±. ,-+-,-- ), (,' ,-- ,-- , and B. Strained bulk zinc blende
14- -t- _), and produce, in principle, 83=512 special

,, , a p cOne can consider bulk GaAs to be a degenerate form
points instead of the ten points of Chadi and Cohen. of :. GaAs-GaAs [001] superlattice. In this case, the su-
Here we show how the number of special points can be perlattice has D'd symmetry rather than C2,, symmetry
reduced from 512 to 12 for the [001] superlattice and to (because the former AlAs of the GaAs-AlAs superlattice
10 for the [111] superlattice-provided one restricts is now GaAs). Either the first six or the last six of the
one's attention to superlattices of special periods, namely special points above (with their weights doubled) could be
NM superlattices, such that N +M =4, with n an in- used for the Dd symmetry, leading to results with the
teger, same accuracy as the ten special points of Chadi and

Cohen. Of course, by viewing bulk GaAs ,.i a 2X2

HI. (001] SUPERLATTICES AND STRAINS GaAs-GaAs superlattice, the Hamiltonian matrix is four
times as large as for bulk GaAs, and so evaluating six

A. Superlattices special points for sums involving functions of the larger
Hamiltonian will be more laborious than evaluating ten

For [001] ;;uperlattices, the C2, symmetry dictates that for bulk GaAs. Therefore it does not make sense to treat
the starting points corresponding to the bulk (1, 1 1) gen- bulk GaAs as a GaAs-GaAs superlattice, but bulk GaAsIT'.t "

erator be (4, L, -L), 4, - , L), and (4.,., - .-), with 'weights strained along the [001] direction has Dld symmetry, and
1, , and ., respectively. Combining either (, o so either the first six or the last six of the above 12 speciald- T , r s e t v l . o b n n}it e 1 1 1 , o r
(,,-) with(,_.,,-,+) for an arbitrary (001] super- points (with their weights doubled) can be used to evalu-
lattice, using the method of Chadi and Cohen, we find s ate integrals over the Brillouin zone for [001]-strained

special points: Two have wcights of L and four have bulk GaAs.
weights of 1. Recombining these si: points with
(±4,+ ± ,) will give 40 points: 24 with weight - and IV. [III] SUPERLATTICES AND STRAINS

-T'-T
16 with weight -",6. Repeating this procedure, but start- A. Superlattices
ing with (1, -1,1), yields 64 points, each with weight
This gives a total of 40 + 64 + 40= 144 superlattice spe- For [111] superlattices, the point ,roup is Ct,,, and the
cial points corresponding to the 10 special piAnts of bulk generators of special points are (4,LL) and ,,
zinc blende. It is often impractical to use so many special with weights of 1 and 2, respectively. Combining T..(I, -p
points, with (± +., +, ) and then w+ e obtain ten

For [001] superlattices with special periods, the 144 distinct special points, with weights of o
distinct ~ ~ ~ ~ spca ons it egt f.,-- or -,

special points can be reduced considerably by invoking S4 sStatin w t , ' we obtain 40 special points with

translational symmetry. For example, consider a GaAs- . or - t oafsc
AlAs NGaASXMAIAs [001] superlattice such that weights of , r- bringing number
N~aAs+MAIAs=

4 nl, where n is an integer. (Here, for ex- points to 50. This set can be reduced by considering

ample, NOaAS denotes the number of GaAs molecular lay- NaAS +MAIAs= 4n, in which case' ./4n, !/4ni, 1/4n) is a

ers per slab of GaAs. Hence a I X I superlattice consists reciprocal-lattice vector. By adding this reciprocal-

of alternating layers of GaAs and AlAs, and a 2X3 su- lattice vector, or its negative, to each of the 50 general

perlattice alternates two GaAs layers and three AlAs lay- special points, we reduce the number of distinct points to

ers.) In this case, the reciprocal-lattice vectors of the su- 20: eight lie in a plane on the superlattice Brillouin-zone

perlattice are G,=(1I,1,0), G2=( ,- 1,0), and boundary which is perpendicular to the [111] direction

G3=(0,0, 1/2n). Because of the symmetry of thks special and passing through the point 4,1,1), and 12 lie on a

period, any two of the 144 special points (kI, k2, k3) parallel plane within the Brillouin zone. Using transla-

that have the same values of k, and k2 coalesce into a tional symmetry with reciprocal-lattice vectors tl,- 1,0),

single special point-reducing the number of distinct (0,1,-I), and (-1,0,1, together with Ct, point-group

points to 20. Examination of the remaining symmetries symmetry, these 20 points reduce to the following ten dis-

reduces this set to 12 special points k, each with weight tinct special points k with weights a, (k;a):

a, denoted by (k,a): (1j, _.; L (s,, 4_; ) ,.',4; _L
ITT,--T 1.3 ',- -- , )

(,,;, (T,T,4; , ( 2T' .T±)'  (9,-,- T), (4, 4,2,''

(-,4 -4;, ( s's I. -TO (,-4,4; ), (41 , _,...), and (-s 4,4 " )

(-T,T,-TT), a(--T,T, 4**B.Sri

9 . 8 I S 16 8, 8 1. 6

T,-, ,and .B. Strain

These special points have been used to compute the The GaAs-GaAs [11] superlattice has C3, symmetry,
Green's functions of superlattices, for energies in the fun- and so the above ten bpecial pgints can be used for t-eat-
damental band gaps.7 ing Brillouin-zone sums for [11 l-strained bulk GaAs.
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V. CONCLUSION ing special points' that will produce more accuracy or for
superlattices that do not satisfy the condition

Special points for superlattices can be computed using NV +A/ =4n. These same special points obtained for
the method of Chadi and Cohen. By limiting oneself to N +MV =4ni may be used 'for Brillouin-zone sums or

,2*c ial -period superlattices, such as those for 'vhich'I strained bulk zinc-blende material.
AGjAs +M- AIA= 4fl, one~finds that relatively few special
points wvill provide A,.curate integrals over the superlat. ACKNOWLEDGMENT
tice Brillouin zone. We have presented 12 special points
for NXM (001] superlattices and ten for N XM [I111 su- 'We are grateful to the U.S. Office of Naval Research
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ABSTRACT

A formalism is developed for computing charge-state splitting''s of deep levels
associated with paired defects in semiconductors and is applied to nearest-neighbor
substitutional sulfur pairs in silicon. Seif-cotisistent calculations predict a 0. 19eV
splitting between the deep levels of nearest-neighbor (S.S)0 and (S,S)" in Si, in
good agreement with the experimental value of 0.18eV. Computed ratios of
hyperfine tensor components also agree with available data. Our results lend
support to the meso-bonding theory of paired-chalcogen deep levels.
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SULFUR NEAREST-NEIGHBOR DEFECT PAIRS IN Si

1. INTRODUCTION bonding, and, on the other, W6rner et al. [3] who

Sulfur and other chalcogen impurities in Si are propose a totally antibonding state.

known to occupy substitutional sites and, when In this paper we present calculations of the charge-
present in abundance, form nearest-neighbor pairs state splittings of deep levels in the gap of Si associ-
with deep levels in the fundamental band gap whose ated with chalcogen nearest-neighbor substitutional
characters are currently controversial [1-4]. The defects. Our g al is to determine if those splittings
deep level in the fundamental band gap for an iso- can be understood by using a theory in which the
lated-S impurity in Si is known to have A, or s-like deep levels are meso-bonding in character-and we
character [5], and is pulled down from tlte conduc- find that they can. Thus our results lend more sup-
tion band by the strong (-7 eV) electron-attractive port to the viewpoint of Sankey et al.
d-fect potential of a S atom (relative to the Si atom
it replaces). It is somewhat surprising, then, to 2. CHARGE-STATE SPLITTINGS
realize that a pair of S atoms, (S,S) produces a deep The charge-state splitting of a deep level is a many-
level at higher energy than an isolated-S atom, body effect which is zero in ordinary one-electron
because the additional S defect potential should pull theories. It i=-;,c difference AE between the ioniza-
levels down in energy. Sankey etal. [2] explained tion energies E of the neutral and charged defects
this fact by showing that the A, deep level of iso- (S,S)' and (S,S) .
lated-S is pulled down in energy so much that it lies
resonant with the valence band: The (S,S) deep level To understand the origin of charge-state split-
in the gap is derived not from the s-like A level but tngs, first consider the charge-state splitting offromthep-lke leel f te iolatd Sdefct, atomic He. Neutral He has two Is electrorns in nearly-
from the p-like T2 level of the isolated S defect, hydoei riasdsrbdb fetv hre
which for isolated-S lies in the conduction ba.,d, and hydrogenic orbitals described by effective chargesis pulled down into the gap by the defect potential of Z, =t"" 27/'16 --1.7 [6]. But He has one is electron
the second S atom. in an orbital with an effective charge of 2. The differ-ence in ionization energies of a Is electron in He and

In explaining this fact, Sankey et al. made an as- He- is (assuming Koopmans' theorem [7, 8]) ap-
sertion concerning the character of the "molecular" proximately the Is orbital energy. Thus, for atomic
wavefunction for the (S,S) deep level in the gap: it is He and for most atoms, the charge-state splittings
meso-bonding, namely an al-symmetric bonding AE are of order 20eV and are Coulomb energies:
linear combination of "he antibonding T2-symmetric
wavefunctions of the two isolated-S defects. (TheAE-20eV er). (1)

T, state is resonant with the conduction band for where (ei/r) denotes an appropriate Coulomb
isolated-S, not in the fundamental band gap.) This integral [6], and is of order e2/r,,, where r,, is the
implies that the al-symmetric (totally) antibonding average distance between, for example, the two is
linear combination of the isolated-S Al-symmetric electrons in He.
antibonding deep level wavefunctions lies at lower- For deep levels in the fundamental band gap of a
energy. Further evidence supporting the Sankey semiconductor that are associated with substitutional
viewpoint has been presented by Hu eraL (4] who point-defects such as S in Si. the charge-state splitting
also concluded that (S,S) is meso-bonding. is also a Coulomb integral of the approximate order

However, W6rner et al. [3] have interpreted data of magnitude
for the nearest-neighbor (Se,Se) .deep level in the
gap as evidence for a totally antibonding state: an
antibonding linear combinatior of antibonding This is about two-orders of magnitude smaller than
isolated-Se A,-symmetric deep level wavefunctions. in atoms because: (i) the dielectric constant E is of
(Of course, the characters of the (S,S) and the order 12 in typical semiconductors (versus unity for
(Se,Se) deep levels should be similar, according to atoms): and (ii) the average distancer.,, is consid-
all of the theories.) Thus there is a clear disagree- erabl) larcer (a lattice constant rather than a Bohr
ment concerning the character of the main chalcogen- radius) due to the antibonding character of the deep
pair deep level in the gap, between, on the .ne hand, level wavefunctions [9]. In He the Coulomb forces
Sankey etal. [2] and Hu etal. [4] who favor meso- cause the two Is e'ectrons to circumnavigate the
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atom 1800 out of phase (classically), and so their Ii, b, k) = N" '1s exp(ik'S+ikvb) Ii, b, S), (3)
average separation is of the order of the Bohr radius. the Hamiltonian in k-space is:
But the wavefunction of the S deep level in Si is now
known to be antibonding in character (4, 5. 9-13], Ho(k) =-i.b I (i, b, k) E(i, b) (i, b, kI
and so is not peaked on the S atom but rather on + !, [i, a, k) T(ia,j'c) (j, c, kI + h.c.] .(4)
adjacent Si atoms. Hence r,, is the average separa-
tion of electrons on different Si atoms neighboring Here h.c. means Hermitian conjugate, i and j run
the S defect-of order a lattice constant, almost an over the basis orbitals, s. pl, p:., P:, and s*, and b labels
order of magnitude larger than a Bohr radius. one of the two sites in the unit cell of Si (we shallrefer to the sites as anion (=a) and cation (=c) sites

The charge-state splitting of a meso-bonding (S,S) to emphasize that the theory for diamond-structure
deep level in Si should be somewhat smaller than for Si can be applied to zincblende-structure semi-
isolated-S, both because the average inter-electron conductors as well). The parameters E(i, b) and
distance r,, is larger for the "molecular" defect~than T(ia,jc) are tabulated in reference (19]. The eigen-
for the "atomic" defect and because the "molecular" states of Ho are the Bloch waves In, k) of Si, and 'he
deep level has wavefunctions that are T, or p-like in eigenvalues E,(k) are the host band structure.
character, with even less amplitude in the S cells
than the A, or s-like states of the isolated-S deep The perturbed Hamiltonian H describes the (S,S)
level. Thus, if the meso-bonding character of nearest- Hamiltonians H and H , are similar in form, with the
neighbor paired-chalcogen deep levels in Si is correct, localized basis functions for H being (formally)
the theory should be able to correctly determine the L6wdin orbitals. The defect levels E are the solu-
magnitude of the charge-state splitting. tions of the secular equation

3. MODEL det(1-G(E)V) = 0, (5)

To evaluate the charge-state splitting of a chalcogen where G0(E) is the perfect-crystal Green's function
pair in Si, we employ the Hjalmarson et al. theory of operator
deep impurity levels (14] in combination with the G°(E) = (E-H,)" . (6)
Haldane-Anderson scheme for introducing Coulomb In cases such that E is degenerate with a host energy
effects (15, 16]. This approach has been used suc-
cessfully by Sankey etal. (101 to discuss deep levels band, the boundary conditions are satisfied if we
caused by interstitial impurities in Si, by Vogl and replace E with E+i, where e is a positive infinites-
Baranowski (17] to treat deep levels of transition- imal. The advantage of the Green's function formalism
metal impurities in semiconductors, and by Lee etal. is that the dimension of the secular equation matrix

[9] to determine charge-state splittings of deep levels is small: the size of the defect matrix V rather than

associated with substitutional point defects in semi- the size of the crystal. Determining the defect energy

conductors. We first repeat the theory of Lee el al., levels in this formalism reduces to: (i) constructing

which is a self-consistent tight-binding model of deep the host Green's function G0(E); (ii) obtaining
levels. and verify the physics of the model for iso- the defect potential V; and (iii) solving the secular

lated impurities (while rectifying some numerical equation for E.
errors [18]), and then extend the theory to paired 4.2. Green's Function
defects.

The host Green's function is
4. THEORY Go(E) = E-..[In, k) (n, kl],![E- (k)]. (7)

4.1. General
4.3. Defect Potential

The Hamiltonian Ho of the perfect Si crystal is taken 4.3.1. Symmetry
to be the one-electron tight-binding Hamiltonian
of Vogl etal. (19]. Expressed in terms of the tight- The defect potential V is assumed to be a mean-
binding basis states Ii, b, k) obtained from the local- field one-electron potential whose value depends on
ized orbitals Ii, b, S) centered on the b-th site in the the charge-.tate of the (S.S) defect. The solution of
unit ce". at S: the secular equation is facilitated if the range of this
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potentialis minimal. Therefore, we neglect: (i) the one 2x2 determinant, and one 20x20 determinant,
long-ranged non-central-cell Coulombic parts of the each with the form
defect potential; (ii) lattice relaxation around the
impurities; and (iii) matrix elements of the potential det(1- GoV) = 0 (8)
associated with s* orbitals. These approximations
have been discussed in other contexts [14], are but involving only matrix elements between the basis
standard approximations for treating deep levels, functions of the irreducible representations. For
and lead to errors of a few tenthb of an eV in pre- example, the 2x2 equation for a,-symmetric deep
dicted absolute deep level energies [14, 19]. Since levels is
our goal is to understand the physics of charge-state
splittings, which are differences in deep level energies, [ 1-(IjGj1)(IVI1) - (1JGo12)(2jV12) 0 (
the errors introduced by these approxim'ations for -(21G,11)(IIVI1) 1-(2jGj2)(2jVj2) = (9)
each of the deep levels should, to a large (but not
complete) extent, cancel in the difference. Concen- where 11) and 12) are the basis functions for the a:
trating on the form of the first-order perturbation representation listed in Table 1, and we have
correction to the energy and using the fact that most
of the electronic charge in a deep level is distant (lIVII) = (1/6) {V(p,,R,) + V(p,.R.) + V(p,,R 4)
from the defect [5], we estimate the anticipated + V(p,,R,) + V(p:,R 3) + V(p:.,R)})
uncertainty in the charge-state splitting as the uncer- (10a)
tainty in the absolute energy position of a deep level
multiplied by the fractional difference in the central-
cell charge densities (See Tables 3 and 4, below.)-of 21V12) = (1/6){V(p.,R) + V(p,.,R) + V(p.,R,)
order 0.01 eV for (S,S) in Si. Thus the theory of + V(p.,R 7 ) + V(p..R ) + V(p1.0R)}
charge-state splitting should be qualitatively (10b)
predictive, chemically correct, and quantitatively Hde we have R, = (0,0,0) and R, = (aL/ 2 )(1,1,1);
accurate.

Thus we take the defect potential (in a localized these are the positions of the substitutional sulfur
L6wdin orbital basis of s, p3, pP., and p. orbitals) to atoms in the silicon crystal. The neighboring Si
involve only the two S sites and the six neighboring atoms are at the positions R: (aL/ 2)(- 1,-1,1),
Si sites directly bonded to S atoms. Hence the defect R5 = (aL/ 2) (0, 2, 2), R6 = (a/ 2 ) (2. 0, 2) , and
matrix is a 32x32 matrix. The omission of a more- R7 = (aLl 2) (22,), re latti (2nsand
distant Si site at R introduces a small error of order of = (a ft/2)(2.2,o), where a is the lattice constant
e1jd(R)j2 v/eR in the absolute deep level energy and of the perfcct silicon crystal. We have also assumed,
e2 8lt(R)I: v/LR or - 0.01 eV in the (S.S) charge- following Hjalmarson etal. [14], that there is no lat-
state splitting. where v is the atomic volume and tice relaxation and hence that the defect potential is

81(R)1: is the difference in wavefunctions of the diagonal. (Therefore we take V(p,,,R) = V(p,(Si))

charged and neutral defects, and is small. (See for all I. and 1<i<8.)

Tables 3 and 4, below.) The point-group symmetry Similarly, for a, (g-like) levels we have:
of a substitutional isolated-S defect in Si (or in a
zincblende semiconductor) is tetrahedral: Td. The det D = 0 ,
group of a (S.S) pair oriented along the (111) crystal
axis is C,,. with the vertical reflection plane bisecting where,
the (111) bond. (Note that the symmetry is reduced
to C1 for a (Se.S) pair. for example.) The irreducible D,, = (1- G.V)I., = St., - (iiGoll) UIVIj) (12)
representations of C,,. are a. (Y-l;ke), a, (rotation . ( (
about the S-S hond). and e (n-like). By selecting as
basis function) the inear combinations of L6wdin Here 8 is a Kronecker delta, and Ii), with i= 1.2,.... 10,
orbitals that transform according to the irreducible are the basis functions for the a, irreducible repre-
representations of C3,. (See Table 1), the secular sentation (Table 1). If we adopt Hjalmarson's
determinant matrix assumes the fofm of a direct sum approximations for the potential, we find
matrix 10ac'2a,+ J.e, and the; 32x32 secular
determinant factors into one 1Ox10 determinant, D', = ,.j- (ilG.oi) (iVji) . (13)
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Table 1. Basis Functions of the Irreducible Representations for Paired Sulfur Impurities.

Irreducible
Representations, Basis Functions
of C31,

a, Is.R,).
js.R,),
(1/N/3) f{Is, R, + Is. R3) + Is, R4)j,
(l/V/3) (Is, R$) + is. Rd + Is. R7)1,
(1/%/3) (1p:, R.) + Jp., R,,) + p ., &0)J,
(1/\/3) f 1p., R 1) + !P.r, R) + jp,., RI)j,
(I/V/3) f{Ip:' R,) + INx, ,3) + Ip,, R4)),
(11V3) (1p., R7) + Ip,~ i 5) + Ip,, R),

* (1/\"6) (1p,, R,) + Ipx, R3) + Ip,, R4) + Ipy, R,) + Ip:.. R3) + Ip;, R4)), and
(1/%/6) (1p,, RI) + jpx R5) + Ip., R6) + Ip,, R?) + Ip, R5) + Ip:, R6))

a, (1/\/6) (1p, R,) + Ip ., R3) - 1p, R4) - JR.. R,) - lp:, R3) + Ip:, R,)), and
(1/V6) {Ip., R7) + jp ., RS) -- jp., R6) - JR~, R7) - jp:, R5) + 1p., R6))

e (1/V/6) {Zjp,, R,) -Ip,,R.) -Ip:,. ), and

(1/V\6) {21p,,,R 1) -Ipx, R,) -Ip:, R,));
(1/%/2) (1p), R.) - Ip:, R,,)), and
(1/'V2) {Jpx, R,) - Ip:' Rj));
(1/V6) (Is, R,) - 21s, R3) + Is. R,)}, and
(1/\/6) (Is, R7) - 2Is,R$) + Is. R6));
(1/'\/) {Is,R,) - Is.R4)), and
(1/\/2) (js,R 7) - Is,R 6));
(11V/12) {21p, R,) - 1p,, R3) + 21p,, R4) - jp .R,) - In:. R3) - Ip... R,)), and
(11V/12) {21p.. R7) - Ipy, R5) + 21p3,, R6) - Ip * , R7) - Ip:, RS) - Ip:' R6))};
(1/%/12) (21p,. R,) - JR,, 113) - 21p, R,) + JR.. R,) + Ip:. R) - Ip:. R,)). and
(1/\/12) (21p, R7) - Ip, R5) - 21p,. R6) + IR,. R7) + Ip. R ) - Ip., 1101,

(1/V6) (1p:, R,) -. )1p,, R3) + Ipy R4)), and
(11V6) {1p:, R7) - 21p,. RS) + Ip. R6)1;
(l/'/2) {1p., R,) - JR,, R4)1 and 1/\12) (1p:, R7) - IR,, R,,));
(1/2) lIp,.. R,) + IR,~ R3)) - In:, R3) - 1p., R4)), and
(1/2) {jpy. R7) + IR, R5)) - I., RS) - 1p. R6)); and
(1/2) {-Ip'r, R,) + Ip3y, R3)) + I., R3) - 1p,. R,)}, and
(1/2) {-JR,, R7) + Ip,., R5)} + lv:, R.4) - Jp., R6)1

Here we have (n I VIn) = (1/3) {V(p:, R,) + V(p,, R3) + V(pr, R,))

(IlIVIl1) = V(s. R.) = 1(s, (S)) = (21 V12) = V(s, R,), = V(p, (Si)) - (14)

(31 V13) = ( 1) {V(s, R,) + V(s.R13) + V(s, Rj)I Here we have V(s4 S)) = V(s. R.).

= (4JV14).) V(p,(S)) =V(p'.R.), V(s. (S i)) = V(s, R,), and
- Vs,(i))V(p, (Si)) =V(p,,R,), where p. is x, y, or z.

V5V5)=(p,3) =Vp. R.) VY . )+VpRj For -nlike estates we have a similar secular
=-~ ,() 6 1) determinant to Equation (13) involving the basis

and. for n = 7, 8, 9. and 10. states of Table 1, with
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(nIVin) =(1/6) f{V(p,,, R,,) + V(py, R.) + V(p:, R0)} for m =9, 10 .. 20. (15)

V(p, (s)), Similar results hold for the isolated-S defect, with
for n = 1, 2, 3, and 4, and with the basis functions of Table 2 (See Appendix.)

(If Vjl) = (1/6){fV(s,R 2) +4V(s,R 3) +V(s,R 4)} ... Dpnec nMa-il
= V(s, (Si)),43..DpneconMa-il

for I = 5, 6, 7, and 8, and The effective mean-field potential felt by an elec-

(Mj~m) 1/1) f~ (p R, + VpyR )tron in a deep level depends on the charge-state ~of
(mi~m) =(1/2) {V~p, R2 + ~p7,R~)the level, much as in atomic physics the potential and

+ V(p~, R4) + V(py, R2) + V(pz, R3) orbital energy depend on the atomic-charge state.
V(p2, R4)) = V(p, (Si)), AFor example, in He' 'the Is electron's potential is

Table 2. Basis Functions of the Irreducible Representations for an Isolated Sulfur Impurity
in Si at the Origin. The Notation is the Same as for Table 1.

Irreducible
Representations Basis Functions
of Td

A, js,R0),
(1/2) {js,R1) + Is,R2) + Is,R,), + Is,R4)}, and
(1/V,12) (1p,, RI) + jp,,, RI) + 1p, RI) - 1p,, R2) - Ip)., R,) + Ip:, R,)
+ 'p,R 3) - Ipy, R3) - Ip,R3) - 1p,R 4) + jp.,R4) - 1p:, 14))

E (l/V/24) {2Ip , RI) - Jp., RI) - Ip., RI) - 21p,,R,) + Ipy, R,) - p:, R,)
+ 21p,R13) + Ip, R3) + Ip:,R11) - 21p,,R4) - Ipy, R,) + Ip:, R,))

and
(l/V8) {Ipy, RI) - Ip:. RI) - Ipy, 112) - 1p,: R,) - Ipy, 113) + Ii':. R3)

+ I py, R4) + I p, RA)
7') (1/%/8) {jpy, RI) - Ip., RI) + jp, 112) + Ip., R,) - Ipr, R3) + Ip:, 113)

11p~ 4) - I p:, R,))
(11V8) (1p,, R.,) - Ii':' RI) + 1p,. R,) + Ip. R2) - 1p,, 113) + Ip.. 113)

- 1p,1 4) - I p,14))
(1/%/8) {1p.. RI) - Ip,, RI) + 1p,, R,) + Ipy, R,) - Ip,. 113) + Ip., 113)

- p,, 114) - I py, 114))

T, Ipc.R 0),jpyR 0), and Ip,Ro1);
(1/2) {Is,R 1)- Is,R2) + s,R3) -sR),

(1/2) {Is.R 1) -Is,R 2) -Is,R 3) + Is. R4 }, and
(1/2-) {s,RY + s.R) - IsR,) -Is,R);

(1/2) {1p,, RI) + Ip,, R,) + Ip,, 113) + 11,, 114)),
(1/2) (!R,, RI) + IR, R,) + Ip' 113) + Ip. ,R14)), and
(1/2)(1p:, RI) + Ip:,RR,) + 1p:,R.%) + Ip-, R,)); and
(1/Va/) f1p, RI) + Ip.. R,) - Ipy. R.A) - IR1 1~ 4)

+ Ip:'p RI) - Ipz, R,,) - Ip:, 113) + Ip. R4)),
(!/8) (1p, RI) + Ip1.R,) - Ip.. 113) - 1p. 114)

+ Ip:, RI)1p:, R,)+ Ip:. R.-)- p..R4)1, and
(1/VS/) uip,, RI) - 1p1.R,) - 1p1, 113) +-I-p1, R,)

+ Ip,,RI) -- Ip .R,) + Ip,.,R13) -Ip,R 4))
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-2e 2/r, but in He0 the effective (Hartree) potential band gap. The bouiend states are normalized according
is -ZEf e2/r, where Zeff is 1.7 [8]. Haldane and to the condition [20]
Anderson [16] have proposed a simple scheme for (PJV(d/dE) [G(E)] VjPf) = -I . (20)
treating such Coulomb-induced charge-state effects.

The atomic orbital energies are written Following Hjalmarson etal. [14], the defect
potential V m H-H is diagonal in a L6wdin-orbital

E(s.o-) = E,°+ U,, I,'. n(s,o') basis for the perturbed crystal, with the values
+ Up - n(p,, o') (16a) (i, oRI;Vii, oyrR)= f3[E(i,o;R)-W(i, cr;R)] (21)

and E(p,o) = Ep,+ Upp , n(p,,o-') where P, = 0.8 for i= s and 1i = 0.6 for i= , py,
+ U~p ,,n (s, a') , (16b) orp: [14]. Wis the value of E for Si. Thus the defect

where o- is a spin index (up or down), v and IL¢run potential depends implicitly on the occupation
over x, y, and z, and the prime on the summations numbers n through Equations (21) and (16), and the
means that terms with o- = o' and v = p. are excluded, occupation numbers depend on the defect potential
The occupation numbers n are either unity or zero in through Equations (17), (18), and (19). The differ-
atoms. The Coulomb integrals U., UP, and Up, ence between (S,S) and (S,S) ° comes ultimately
together with the orbital energies E,* and E,, are from the difference in occupation numbers n, which
determined by fitting atomic spectra. (This has been are self-consistently determined. We solve this prob-
done for S and Si by Sankey etal. [10].) lem iteratively and find a self-consistent solution to

the equations. The resulting occupation numbers
In thc Haldane-Anderson scheme, the occupa- are given in Table 3. As expected, (i) they add to

tion numbers for atoms in the solid are allowed to (almost) six electrons per S atom and four per Si,
assume non-integral values (reflecting the fact that and (ii) they are almost the same for (S,S) and
the charge is not localized on a single atom). Thus (S,S) 0-as was the case for isolated S* and S' [91
there are occupation numbers n(i,cr;R) for each (See Table 4.).
site, and expressions for the orbital energies analo-
gous td Equations (16a) and (16b) at each site. 5. RESULTS
(Note that R labels the site, not the unit cell, and so
can refer to either an anion or a cation site.) 5.1. Charge-State Splitting

The occupation numbers n(i, o';R) in the defect- The principal result of the calculation is a charge-

perturbed solid are state splitting for (S,S) of 0.19eV that agrees re-
markably well with the experimental value of 0.18 eV

n (i, or; R) = f(E)(i, or;R 8(E- H)ji, o;R) dE, (17) [12, 131. For the isolated substitutional sulfur impurity,

Table 3. Computed Occupation Numbers n(ia;R)
where f(E) is the Fermi-Dirac function (which, at for the (S,S) Defect in Si.
zero temperature is unity for valence band states and
occupied deep levels i:n the gap, and zero otherwise). Occupation Number (S,S) (S,S)"

The spectral density operator 6(E-H) is related En(s,;R.) 2.01 1.96
to the perturbed and unperturbed Green's function i.,n(pca;R.) 3.86 3.86
operators G and Q, as follows: E, n(scr;R,) 1.26 1.26

(E-H) = (-1/i) im G 2,.n(p,,a;R_) 2.65 2.60

= (-1/rr) Im [Go(1-GV)" ] . (18) Table 4. Computed Occupation Numbers for the

Thus at zero temperature we have Isolated-S Defect in .

EV Occupation Number (S) (S)
n(i, o;R) = (-1/.)j Im (i, a. RIG(E)ii, o, R) En(scr:Ro) 1.97 1.92

+ !I(i, aR1P)j1 (19) ,.,n(pa:R0 ) 3.84 3.87
Qfn(soT:Rj) 1.2. 1.30

where E. is the valence band maximum and the sum-

mation runs over the occupied bound state: in the ,.n(p,:Rj) 2.64 2.57
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we find a charge-state splitting of 0.27 eV, compared Table 5. Computed Electronic Charge Distribution of
with the experimental value of 0.30 eV (12, 13]. The the a,-Symmetric Meso-bonding Deep Level State in the
smaller charge-state splitting for the gap deep level Fundamental Band Gap of Si Associated with Nearest-

of (S,S) than the gap level of S is due largely to the Neighbor Substitutional Sulfur.Pair Impurities (S,S).

p-like character of the "molecular" level (which is The Index ; Runs Over x, y, and z; the Index R, Runs

derived from the isolated-S T2 resonance in the con- Over R. and R1, That is, Over the Sulfur Site-: and
duction band, not from the isolated-S A1 deep level Rj, Runs Over R2, R3, R4, Rs, R6, and R7: the First-ducton and notfro th isoate-S , dep lvelNeighbor Silicon Atoms to Each S Impur;,y.
in the gap). Because of this p-like character, the
deep level of (S,S) + has only about 5% of its elec- State Electron Charge (%)
tron's charge on either S site, whereas the s-like A 3.4
deep level of S+ has about 10% of an electron in the R(S))11/2 3.9
central cell. (See Tables 5 and 6.) About 54% of the , 1.9
charge lies on the six neighboring Si atoms, with the Yj.I("tis,Rj,(Si))'/6 1.3

rest being further away from the defect. ;,..,I(Tlp,R,.(Si))jZ/6 7.7

5.2. Charge Densities and Hyperfine Tensor Table 6. Computed Electronic Charge Distrlbution of

Our charge densities are essentially the same as the A, Deep Level State in the S1 Band Gap Associated
with a Single Substitutional Sulfur Impurity (S)*. Thethose of Sankey etal. [1, 2) for (S,S) + and Ren etal. Index jx is x, ., and z.

[5] for (S)-and so agree with the data

(3, 11, 13,21,22], as those theories do. For sulfur State Electron Charge (%)
pairs Sankey's wavefunction coefficient y, [2, 21, 22] i(lsR,(S))12 9.6
is 0.21 and 0.20 for (S,S)0 and (S,S), respectively; Zj('P'IR(S))12 0.0
we find 0.18 for both charge states [23]. 111(flp,,R(S))f: .7

The hyperfine tensor A depends on the contact ;,j(PjR(Si))124 1.7
interaction with the nuclei and hence samples the X,' I(PIp 'Rj(Si))I'/4 13.8
deep level's charge density at the relevant sites. Thus
the various measured ratios of hyperfine tensor ele- suppor tomo nent ae a tios ofdepenedefet's tensor components are almost independent of
ments are related to charge densities at the defect's chalcogen.)
sites, as discussed in detail by Sankey et al. [1,2].
We find We find the ratio of perpendicular to parallel prin-

(A-A±)(A 1-2Aj = 0.016, cipal hyperfine tensor components to be

compared with Sankey's values of 0.015. (These A/A 1 0.95

small values explain why the experimental hyperfine for (S,S) . This is in good agreement with the value
tensor has appeared to be isotropic for such an aniso- 0.97 that W6rner and Shirmer [3] found for (Se,Se).
tropic defect.) We are unaware of any measurement (The corresponding ratio for (S,S)+ could not be
of this ratio for (S,S) , but the corresponding ratio determined experimentally.)
measured for (Se,Se) is 0.01 [3]. The comparison Thus our results describe the data very well and so
of theoretical results for (S,S) with data for (Se,Se) lend support to the meso-bonding picture of the
is appropriate, despite one's initial impulse to the (S,S) deep levels in the gap of Si, while confirming
contrary, because the wavefunctions of S and Se deep the antibonding character of the Al isolated-S deep
levels in Si are known to be almost the same [2, 5], level.
due to the antibonding character of the deep levels:
these levels are Si dangling-bond-like [14]. 5.3. Absolute Level Positions

For the ratio of S-site hyperfi., : tensor components The Vogl model of electronic structure has a
of the "molecule" (S,S)" and the "atom" (S)+, we feature that is reflected in the absolute energies of
find the calculated S and (S.S) deep levels, namely the

Ag[(S,S)+]/Ar[(S) "] = 0.35 p-states are artificially depressed in energy due to
the strong s*-p coupling, necessary to produce the

in agreement with the experimental value of 0.37 [3]. correct indirect fundamental gap while sunultane-
(The same result is obtained for Se and S (3], lending ously restricting thL. basis set to only five orbials per
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atom. As a result. the calculated absolu,.- deep level ACKNOWLEDGEMENTS
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coupling is adjusted to depress the indirect conduction-
band minimum to its observed energy. This has the APPENDIX: ISOLATED SULFUR
effect of also depressing p-like deep levels in Si, For a single substitutional S impurity in Si, the

sometimes by too much. One could, of course, defect potential involves the impurity site and the
correct for this by including more and more orbitals four neighboring sites. With the relevant L6wdin
in the basis set; but the costs of such a correctiop, in orbitals being s, p,, p,., and p:, this leads to a 20 x 20
terms of increased computational labor and reduced defect matrix, and tetrahedral (Td) point-group
physical transparency, normally outweigh the bene- symmetry. The twenty basis functions form linear
fits. It is easier, and almost as accurate, to simply combinations (See Table 2) that reduce the secular
mentally adjust the p-like deep level predictions of matrix to the direct sum 3A, + E+ T +4T,..
the Vogl model upwards in energy by a few tenths of
an eV; normally it does not make sense to formally Our calculated results for S in Si differ in numer-
correct the theory. Nevertheless we can assess the ical detail from those of reference [9), although the
seriousness of this problem by increasing the energy physics of reference [9] is still correct. The present
of the s* orbital until the neutral isolated-S deep numerical results supersede those of reference [9),
level coincides with the experimental level at 0.86 eV and are different as detailed in reference [18]. The
(with respect to the valence band maximum) and resulting occupation numbers are given in Table 4.
then determine if the charge-state splittings of S and The wavefunction coefficients y2 (2] for (S)0 and
(S,S), as ,well as the absolute energy of the (S,S)0  (S)" are 0.30 and 0.31, respectively. These compare
level, agree with the data. In this case we find that favorably with the value for (S)' of 0.32 obtained by
the charge-state splitting of S is 0.32 eV (compared Ren et al. (5]. Thus we have 9.6% (Table 6) of the
with the experimental value of 0.30eV [12, 13] and deep level's charge in the central cell, whereas thethe value 0.27 eV obtained with an unadnusted s experiments find = 10% (13, 22]. Moreover, theenergy), the charge-state splitting of (S.S) is 0.15 eV nearest-neighbor hybrid is 89% p-like in the present
(versus experiment with 0.18eV (12,131 and unad- theory (See Table 6: [13.8/(1.7+13.8)]), compared
justed theory of 0.19eV), and an absolute (S,S)* with =91% deduced from ESR and ENDOR data
level of 0.97eV, in agreement with the observed by Grimmeiss etal. (13] and Niklas and Spaeth (221.
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Al-derived al-symmetric deep levels of (SS)0 and REFERENCES
(SS)" lie in the valence band, not in the gap (27]. The (11 0. F. Sankey and J. D. Dow, "Electronic Energy
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ABS8TRACT
The strain energy of ordered phases of ternary III-V alloys has been estimated.

A chalcopyrite structure is found to always have 'a lower strain energy than 1l
superlattices oriented along the (0.0,1) or (1,)directions. Ga-As and In-As bond
lengths in ordered compou-nds GalnAS2 are found to bc in good agreement with the
Mikkelsen-Bovce EXAFS mneasurements for the alloy. The etfect of both ordering arid
strain on the bandstructure is also considered.

1. INTRODUCTION
Recent reports of new ordered structures in the ternary Ill-V alloys At4.xGa,.As,

GaAsi.xSb,, anid Gai.xlnxAs for x :: f and x = -,1 have kindled considerable interest in
the semiconductor community. Renmembering that a zinc-blende structure is compoqed
of two face-entered cubic &fc) sublattices, and ignoring the atoms located on the"1passive" non-ordering sublattice, one finds that the ne-mly discovered x
,emiconductor structures, termed the (0,0.1) Ixi superlatzice, clialcopyrite, anid (1,1,1)
lxi superlattice (see Fig. 1), are all related to the fcc special-k point structures of
metals: (0,0,1), (0,4,1), and (111,space groups P4/mmm, 141/amd, and R~m.2

A B C 2 Structures

..... ..... j, 1 I

001) Superialtice Chci:00yrile ti1l Sojoerlctiae

(P 2mn) (14 2d ) (R 3 M)

FIGULRE 1. Special-k point structures for ordered compounds ABC 2: k = (,0,0,1), lxi
superlattice oriented along the z direction; k = (0,1,1), chialcopyrite; anid k = (1,1,1),
!xI superlattice oriented along the (1.1,I) direction. Also shown are the respective
zpace-group dles :cat ions of cach crystal type. Note, each F'ructure is shown
undistorted from~ thre parent zinc-blonde form. 'Cations A and :, are shown as large
open arid shaded circles, respectively, and the anions C are shuwn as smaller filled
circles.
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The structure reported for x = ,, famatinite, shown in Fig. 2, is also a (1 1 0) special-k
structure.

Not known presently is the
Structures stability of the phases found. All

3 C4 experimental reports have used
~ i~- . epitaxial growth, suggesting strongly

the possibilitv of strain stabilization.
IMbaye et al., 3 who have calculated a

K I phase diagram in a tetrahedron
I i I approximation, used strain argu-

'-... .. ments to explain why ordered phases
are not normally seen.

The existence of sizable strains
in the materials due to the tetrahed-

I ral sp3 bond is clearly the feature
...... that distinguishes the scnniconductor

Famalinite Luzonite ordering problem from that in met-
(IZm2oi) (Pz3m) als. This paper investigates the

effects of strain on the noiv ordered
compounds. Strain energies for the

FIGURE 2. Special-k point five special-k structures are found.
structures for AB3C4 ordered Finally, the effects of strain and
compounds: k = (0,0,1), luzonite, order on the bandstructure of the
and k = (0,1,I), famatinite. new ordered forms is investigated,

using as examples the (0,0,1)-oriented superlattice and chalcopyrite ordered structures.

2. THEORY
2.1 The Effects of Strain on Strurture

We estimate the strain energy of a semiconductor from a simple
phenomenological formula due to Harrison: 4

Estrain = C -C +d () C )ij) (1)

This formula has two contributions; A bond-stretching term, present because there is a
natural bond length between any pair of a~onis, and a bond-bend;ag term, indicating
that the energy shWoud increase 'if angles deviate from those in a perfect tetrahedron.
The parameters Co and C, are fit to elastic constants.

Our calculations start by specifying the atomic positions in the ordered
structure. For each type of structure, there is an obvious symmetry-allowed distortion
that best accommodates the bond-stretching and bond-bending forces. For example,
for chalcopyrite, see Fie. 1, the positions of the S atoms in the basis are given in terms
of just thrc parameters, the dimensions a and 2, of the body-centered tetragonal (bet)
unit cell, with c = a : ao, with ao the dimension of the parent zinc-blende cube, and an
internal coordinate va::able p (p = ,o).: Similarly, the superlattice oriented along the
(0,0.!) direction has as its parameters the dimensions of the distorted cube, a2c, and an
internal c,.rdinate h (h : 1ao) that is the distance above ti.e z = 0 piane of an anion C.
[The superlattice oriented ale.!g the (1.1,1) dir.ction is rhombohedrai in y mmetry and
is characterized by 5 parame-ers.] Then, for ea-h atom ii: the basis of the'.:tructure, we
simply tbulate all contribu:i'ms to Eq. (1). and then m:inimize the strain energy with
rcsp-.t to the f-ce parameters. By evaluating Eq. (1) at its minima, we have found
both the positions of all atoms as well n,% the size of the strain energy.



2.2 Bandstrurtur6 CAlculatjon-
In -our calculations of bandstfucture. we employ a modified efpirical tight-

binding Hamiltonian that'includes the -5 atomic orbitals s. Px, p%,, pz/ind s,. Such a
Hamniltonian is l-nown tobe accurate for the valence band.; and "the/conduction band
edge of zinc-blende semiconductors. The parameters of this Hlamiltonian have been
determined by fitting to experimental data for all 111-V zinc-blende cbmnpounds by Vogi
et al.6  

0

Calculations use as input the positions of the atoms in eachr,'type of unit. cell and
follow the standard .Slater-N'oster method, e.g., strain forces ! imodification of the
direction cosines used in the tight-binding Ilarnultonian of the/ziinc-blonde structure. 4

The required tight-binding parameters are found from the pa~rent I1-\' compounds.
e.g., we use Harrison's Law,4 that the product of pearest-neirhbor matrix elements V~
with the square of the bond length, %d0, should be ntearly constant. Finally, we have
included the effects of valence-band offsets on the ordered-6'$mpound's bandstructure,
and have concluded that these corrections are small.

3. RESULTS
We have computed the straini energies and cffectk of strain on five types of

ternary III-V ordered compounds.8 Here we simply qu 4c results for a prototylpical
semniconductor alloy, Gh1.xln,(As. 1

In Fig. 3 we show
Ga I- nA results for the Ga-As

2.66 bond lengths (sqi'mres)
2.66 ~and In-As bond lengths

CR F (diamonds) in the
C- IF Ga,.(dnxA family of

__________ I__ compounds. For x =0 or
2.5 C*R .- .1. the bond length is that

I of the zinc-blene (Z)
.4 r Col -opunds GaA or

~ .~*RL InAs. For x = 1, luzonite
L compounds (L) contain

E three Ga-As bonds for
F every In-As bond, while

2.42.................fanatinite compounds
(F) have two Ion% and

0 0.2 0.4 0.6 0.8 1 one short Ga-As ,onds
for each In-As bond. A
similar result holds for x

FIGURE 3. Calculated bond lengths in the -_ 3/4. For x = J, the -
Gaj-x!nxAs family of compounds.' (0,0.1)-oriented superlat-

tice (S) and chalcopyrite compounds have Prqali numbers of Ga-As and In-As bonds,
whilt the rhomobohedral (111 l.I1)rientted superlattice contains three long and one
short Ga-As bond and three short and -.;ao long In-As bond.

The dashed line shown in Fig. 3 indicates Vegard's Law expicted for the average
bond length measured in the ailoy by x-ray diffraction. Nlikkelscn and Boyce 9 have
shown ucing, EXAFS (extended x-ray absorption fine struc: .ire) measurements that
there are two distinct bond lenziths in Ga..~jnxAs alloys. one for each type of bond.
The solid lines in Fiz. 3 that pass through the parent' zinc-blonde compounde ;ice in
Pood agreement with the slopes of the Mikkelsert-Boyce da a for the %lloy.Ti% ie
Dass through compounds with either simple cubic or simple tetragonal %vtilmtry.
jParalle! to those lines are lines passing through the 'body-centered tetrha;nal
compounds. famatinite, and chalcopyrite.1 We interpret this agreement . follows.
The ali~y is to be thouaht of as- a mnixture of all possible orientations of tetrahedra
AsGanln4., . Portions of the alloy may show incipient order of the type shown in Figs.
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1 and 2. The EXAPS data a.--e stafistical avera-es of the configurations found in the
alloy; a line near the middle of thle distribution oi possible boud lengthis is-found. More
importantly, Lhe fact that the average results for the strain calculations alone
reproduce well the EXAFS data imptes that charge-transfer effects are probably only a
small correction for the III-V family of compounds.' 0 ShwinFg4arte ku-

ted strain enercies of the oroered
0.04 Ca -x~ "S structtures. For ' = 1/4 and 3/4. weI 1X X find that the famatinite strix:ure

0.0 i has the lowest enecrgy, while for x
~,the chalcopyrite sMucm=r is

R ~lowest in energy, followed thlen by
0.02 the(0,0,1) luperlattice (S) and then

S by the rh'ombohedral-Sym'metry (R)
L L superlattice oriented along the

0.01 -FCr (.,1) direction. These results are
I consistent with the calculated bond

0 0. ~ ! lengths shown in Fig. 3. For examp-
0 0.2 04 08 .8 -I le, for rhoniboliedral sym.-: trv,

x there are two types of Ga-As (In-As
bonds). One bond, fou;..d in a tetra-
hedron GaIn3As, which is near the

FIGURE 4. Calculated strain -parent bond length. and the other
energie of the Gal,l~ncAs one, found with a 3-f 'd degeneracy,
fami'Iy of compounds. in a tetrahedron GaInAs3, at a

distance quite far from the parent bond length. It is easily seen from Eq. (1) that those
structures with large bond-leng-i1 deviations from the parent zinc-blenide compounds
will tend to have a large strain :nergy. As a general trend, we find that struc'-ures with
a body-centered tetragonal Bravais lattice most eaily accommodate strain.

Turning finally to electronic properties, in Figs. 4 and 5 we show ,he low-
temperature bandstrr.tures of two GaInAs 2 orderedi structures, the (0.0.11 superlattice
and chalcopyrite structure. The band ppn of the (0.0.1) superlattice is at 0.S7 eV,
compared with 0.81 eV in 0ie allioy ifor x = 0.47.1" and 0..'3 L-V in chalcopyrite
Notatable is the strain spl.itti.ng, of thei top of the valence band. Btc~use the local strzin
field of the tetrahiedro:. has opposite oriciitnin th-e iwo strIuctures,. wit. thle z
di-ectic- singled, out ;:, the (0.0.1) superlat--ce. ai .- plane in chalcopyrite (see
Fig. 1) he heavy hole r. higher in the (0.0.1) s- latice tha: in chalcopyrite.
Obvously, these two structures wfi have distinguishable experimental spectra.

(001) Supe~lattice: ChaIcopyriLc. C.al,3.

6 L
.2'

0 IF

Wave Vector : Wave Vecto. k

FIGURE .5. Band7 ructures of the (0.0. ])-oriented superlattice and of the chalcopyrite
forms of GalnAs 2 compounds.
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4. CO.CLUSIONS
-We have invistigated -thle relative -stability for IN- compounds, of thle three

possible ordercd x=,-' struictures: the (0,0.1)- and (1,1,1)-oriented 14I superlattices and
chalc6pyrite. Without using a second -neighlbor interaction on an fcc !attiCc, 2 wve ind
that the strain energy- due to the bon'ding of anions to cations alone is enlough to
distinguish the three phases. Our calculations predict that the chalcopyrite structure
shouldi'.ave a iower ene!:gv than either type of superlattica. Similarly, we find that for

x .the famrlinite structure has lower strain energy than the luz.onite s;.riucture.
Our strain calculations also allow us to predict structural parameters such as

bond lengths for thle newv ordered Ill-V compotud'- This in turn allows us to
investigate the influence of order and strain on thle bandstructure of these structures.
We hope our calculations will aid experimentalists in the search for additional newv
ordered semiconductor compounds.
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INTRODUCTION

Impurity levels determine the electrical properties of semiconductors
and often strongly influence the optical properties as well. Until rather
recently it was widely believed that "shallow impurities," namely those
impurities that produce energy levels within -0.1 eV of a band edge, weie
wcll understood in terms of hydrogenic effeccive-mass theory [1). However
"deep impurities" were regarded as more mysterious, having levels more than
0.1 eV deep in the gap; and several theoretical attempts were made to
understand why their binding energies were so large. While specific deep
levels were explained rather well by the early theories, most notably the
pioneering work of Lannoo and Lenglart on the deep level in the gap
associated with the vacancy in Si [2), numerous attempts to explain why the
binding energy of a particular level might be large (making the level deep),
rather than smal., continued until recently, when it was realized that this
basic picture of impurity levels was incomplete (3,4].

DISTINCTION BETWEEN DEEP LEVELS AND DEEP IMPURITIES

Now it is -ecognized that every impurity whose valence differs from that
of the host atom it replaces produces both deep and shallow levels, but that
the "deep" levels often are not deep energetically. The definitions of deep
and shallow levels have been changed [3]: now a deep level is one that
originates from the central-cell potential of the defect, and a shallow level
originates from the long-ranged Coulomb potential due to the impurity-host
valence difference. Impurities that are s-p bonded normally produce four deep
levels in the vicinity of the fundameittal band gap: one s-like and three
p-like. More often than not, the deep levels do not lie in the band gap but
are resonant with the host bands. Thus, in terms of the old picture, thase
resonant levels have negative "binding energies." The four deep levels are
normally anti-bonding and host-like in character. As a result, several
diffurent deep impurities produce levels with essentially the same
wavefunctions (5,6].

In contrast to the deep levels, whose wavefunctions are relatively
localized and have multi-band character, shallow levels have wavefunctions
that are extended in real space and of single-band character (localized near
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a band extremum in k-space). The shallow levels are hydrogenic, originate
from the long-ranged Coulomb potential, are associated with the impurity-host
valence difference, and have binding energies of reduced Rydbergs, i.e.,
scaled from 13.6 eV by factors of effective mass and the inverse square of
the dielectric constant (resulting in binding energies of typically tens of
meV). Shallow ivels can be obtained by solving an effective-mass Schr6dinger
equation for the envelope wavefunction (r), which is (assuming isotropic
effective mass m* and dielectric constant e)

[(-X2/2m*)V2 - (e2 /er))0 - (E-Eo)O,

(1)

where E0 is the band extremum to which the level is "attached."

The attachment to a near-by band edge is the experimental signature of a
shallow level, and can be verified by measuring the energy of the level and
the band edge, either versus alloy composition x in an alloy such as
A2~xal.xAs or GaAsl.xPx , or versus pressure. In contrast to shallow levels,
deep levels are not attached to band edges, and their energies (with respect
to the valence band maximum) tend to vary more-or-less linearly with alloy
composition.

DEPENDENCE ON ALLOY COMPOSITION

Fig. I summarizes data (7) for the alloy-composition dependence of
levels associated with anion-site impurities In GaAsl.xPx alloys. The levels
associated with $, shallow donor levels, follow the condu4tion band edge as
the composition varies, and are "attached" to it. Se levels exhibit the same
behavior as S. The N and 0 levels vary approximately linearly with alloy
composition and are unattached to any band adge. These data, when first
obtained, were rather perplexing. because 0, S, and Se were expected to
behave the same, since all came from Column-VL oZ the Periodic Table, and all
were presumed to occupy a Column-V anion site. By the o)d definition, the
oxygen state was clearly a deep level, lying more than 0.1 eV from the
conduction band edge. The N level, however, had the same qualitative
dependence on alloy composition as the 0 state (indicating it should be
classified as deep), yet it was close enough to the band edge in GaP to be
classified as shallow by the old definition of a shallow level. Moreover it
was energetically deep in the gap for GaAs 0.5P0 .5 , but invisible (possibly in
the conduction band) for GaAs.

The N level data in GaAsl.xPx provided an important clue for
understanding the physics of deep impurities, because N is isoelectronic to
As aud P, and so the substitutional impurity has no long-ranged Coulomb
potential: its level could only be explained in terms of the central-cell
defect potential (and, possibly also the modest strain field around the
impurity) (4]. The natural explanation for the data of F~g. 1 is that the
central-cell potential produces tht: oxygen deep level ar I that the N level is
similar to the oxygen level, and should also be termed "deep." The shallow S
(and Se) levels are caused by the Coulomb potential associated with tie
valence difference between the Column-VI impurities and the Column-V host. S
and Se must also have deep levels similar to the oxygen deep level, but their
deep levels must be resonant with the conduction band of GaAslxPx for all
alloy compositions x, and hence are invisible (as with the case for N when
x<0.2). Thus the picture has emerged that the central-cell potential produces
deep levels, and the Coulomb potential yields shallow levels (which ideally
are infinite in number, because a Coulomb potential has an infinite number of
bound stateb). For s- and p- bonded substitutional impurities, we expect one
s-like and three p-like deep levels associated with every band, based on
Rayleigh's interlacing theorems (8); this means that in the vicinity of the
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Fig. 1. Schematic illustration of the dependences of the shallow S (or
Se) level (dashed) and the deep N and 0 levels (solid) on alloy composition x
in GaAsi.Px, after Ref. (7]. The energies of the band edges rl and X, are
also shown. The zero of energy is the valence band maximum of the alloy.
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band gap of a zinc-blende semiconductor we should find one s-like
(A,-symmetric) deep level and one triply degenerate p-like (T2-symmetric)
level for each impurity. The oxygen and nitrogen levels of Fig. 1 are the
Al-symmetric deep levels. In a three-dimensional material, there is no
guarantee that any of the deep levels due to the central-cell potential will
lie in the fundamental band gap, and so, as in the case of S and Se in
GaAsl.xPx , the deep levels may all lie outside of the band gap or else, as in
the case of oxygen, one (or more) may lie within the gap. (Fig. 2)

The character of an impurity as "shallow" or "deep" is determined by
whether one or more deep levels lies within the fundamental ,.and gap. For
example, oxygen in GaP is a deep impurity because its s-like A1 deep level
lies in the band gap, and is occupied by one electron when the oxygen is
neutral and in its ground state. This one-electron level can hold two
electrons of opposite spin, but when oxy&in is neutral, it holds only one,
(the extra electron due to the valence difference between 0 and P). In the
case of S or Se, the central-cell potential is weaker than that of 0, and the
corresponding deep level is degenerate with the conduction band rather than
in the gap. The resonant level cannot bind the extra electron, which spills
out and decays to the conduction band edge (via the electron-phonon
interaction); once at the conduction band minimum, the electron is trapped by
the long-ranged Coulomb potential in a shallot: impurity level -- and, because
the ground state of the S or Se impurity in this host has an electron in the
shallow level, the S or Se impurity is termed a shallow impurity.

DEEP-SHALLOW TRANSITIONS

It is possible to change the character of an impurity from deep to
shallow by perturbing the host until a deep level passes from the band gap
into the host bands. Straightforward ways to achieve such a change are to
apply pressure or to vary the alloy composition of the host. N changes its
character in GaAs1  Px as a function of alloy composition x: it yields a deep
level in the gap ior x>0.2 and so is a deep impurity for such alloy
compositions, but for x<0.2, neutral N is neither a shallow impurity (because
it has no long-ranged Coulomb potential) nor a deep impurity (because its
deep levels are in the conduction band), and so we term it an "inert
impurity." Thus, in GaASi.xP for x-0.22, N undergoes a "deep-inert
transition." See Fig. 1. A classic example of a similar "deep-shallow
transition" is Si on a cation site in AIxGal.xAs, which has a deep-level
behavior similar to that of N in GaAsl.xP . (See Fig. 3.) As a result,
neutral Si is a deep impurity, with one electron occupying its A,-symmetric
deep level for x>0.3, but is a shallow impurity for x<0.2 because the deep
level is resonant with the conduction band and the electron is autoionized,
falls to the conduction band edge, and is trapped by the Coulomb potential of
the defect. This Si defect is thought to be the DX center (9-11), or at least
a component of it (11,12). It is noteworthy that when cation-site Si is a
shallow impurity (i.e., its deep levels are resonant with the conduction
band), it dopes the material n-type. But when it is a deep impurity (with its
A, level in the gap) the neutral impurity can trap either an electron or a
hole in this level, and so tends to make the material semi-insulating.

DEEP-SHALLOW TRANSITIONS IN SUPERLATTICES

Deep-shallow transitions occur in random alloys such as AIxGai .xAs
because the deep levels are much less sensitive to changes of alloy
composition x than the band edges. Only slightly overstating the poir.:, we
may say that the deep levels are almost constant in absolute energy, and that
varying x can cause the conduction or valence band edge to move through the
deep level. Since deep levels are normally only observed when they lie within
the fun ,mental band gap, varying alloy composition changes the -indow of
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Fig. 2. Illuscracion of the difference between a shallow impurity such
',s S on a P site in GaP and a deep impurity such as 0. Shallow levels are
dashed and deep levels are solid. If the deep levels lie outside of the band
gap, the excra electron occupies the lowest shallow level at zero temperature
and the impurity is a shallow donor,

24 , ,1 / ,/

2.0

W 1.81,1L

1.6 mom°r Al.Ga,.,As:Sicolion

0.0 0.2 0.4 0.6 0.8 1.0
GaAs Composition x AlAs

Fig. 3. Chemical trends with alloy compositIon x in the energies (in eV)
of principal band gaps at P, L, and X, wich respect to the valence band
maximum of the alloy, in the alloy A Gal As, as deduced from the Vogl model
(15). Also shown is the predicted energy of the A1 -symmecric cation-site deep
level of Si (heavy line), similar to the predictions of Hjalmarson (i). .The
Vogl model is known to obtain very little band bending. Moreover the L
minimum fo- x-0.45 is known to be at a bit coo low an energy in chis model.
When the deep level of neutral Si lies below the conduction band minimum, it
is occupied by one electron (solid circle) and one hole (open triangle). When
this level is resonant with the conduction band, the electron spills out and
falls (wavy line) co the conduction band minimum, where it is trapped (at
zero temperature) in a shallow donor level (not shown).
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observability of deep levels, namely theband gap. Thus selecting the alloy
composition so that a given impurity produces a shallow level rather than a
deep one is a form of "band-gap engineering."

Similar band-gap engineering can be achieved by altering the atomic
ordering in the semiconductor by, for example, making the host a superlattice
rather than a random alloy. For example, Si'on a Ca site in the center of a
GaAs quantum well in a NIXN 2 GaAs/AlXGa. xAs superlattice can be made to
undergo a shallow-deep transition by reaucing the thickness of the quantum
well until the conduction band maximum of the superlattice passes above the
Si deep level (See Fig. 4.). The dependence on alloy composition of a Ga-site
deep level in a 2x2 GaAs/AIRGal.,As superlattice is given in Fig. 5, and
shows that even near the center of a GaAs layer Si can become a deep trap if
the layer is sufficiently thin or two-dimensional,

Fig. 6 shows the predictions for the cation-site deep level in bulk
GaAs, in a 3xlO GaAs/AI0 .7Gao 3As superlattice, and in bulk A;0 7Gao 3As for
Si at various sites P in the superlattice. In this superlattice the aeep
level lies in the gap and Si is therefore'!a deep impurity. In NIxN2
superlattices such that the GaAs layers are not very thin, N1>6, the
superlattice conduction band edge approaches the bulk GaAs conduction band
edge, and therefore the conduction band of the superlattice covers up the Si
deep level, making Si on a Ga site a shallow donor in the superlattice.

T2 LEVELS

The examples we have given thus far all consider only Al-symmetric bulk
deep levels. The T2 bulk levels are split in a (001) superlattice into a1,
b and b2 levels, as illustrated in Fig. 7 for the As vacancy, The valence
band maximum is also split int& a (p -+p )-like (or bl- or b2 -like) maximum
and a p.-like (or al-like) edge sligj~l below it. For sites near the P-0
interface, the bI deep levels have orbitals and energies similar to the T2
levels of bulk GaAs and the b2 levels are AI.Gal. As-like, The splittings are
small even for impurities at the interface, of order 0.1 eV, and decrease
rapidly as the impurity moves from the interface. They are non-zero even near
the center of the layers, however, because the valence band maximum is split,
and so the spectral densities employed in solving Eq. (2) below are also
split.

Three factors influence the pos.itions of deep levels in the superlattice
layers: (i) the band offset, which tends to move the levels down in
AIXGaI xAs relative to in GaAs, (ii) quantum confinement, which tends to
cause levels in GaAs and the p -like a, levels in particular to be farther
from the center of the gap, ang (iii) the relative electropositivity of Al
with respect to Ga, which tends to move energy levels up when the associated
wavefunctions overlap an Al-rich layer. To determine the balance among these
competing effects, a calculation is required.

FORMALISH

Our basic approach to the problem of deep levels in superlactices is
based on the theory of Hjalmarson et al. 13]. This theory is relatively easy
to implement and learn, and has been summarized in accessible lecture notes
(13) for deep levels in the bulk. Nelson et al. (14] have provided an
alternative approach to deep levels in superlattices which is especially
well-suited to small-period superlattices.

The deep level energies E in a superlattice can be computed similarly by
solving the one-electron Schrodinger equation, using the m.een's function
method to take advantage of the localized nature of the central-cell defect
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Fig. 4. Schematic illustration of the quancL'n-well confinement effect on
the band gap E (SL) of a NlxN2 GaAs/At0 7 Ga0 3 As superlattice, after Ref.
(121: (a) N1 -12 - , and (b) NI-2, N2 -34. The bana edges of the superlattice
are denoted by chained lines. For this alloy composition the superlattice gap
is indirect for case (b). with the conduction band edge at
i-(2-,/aL)(1/2,1/2,0). Note the broken energy scale. The zero of energy is the
valence band maximum of GaAs.
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Fig. 5. Predicted chemical trends with alloy composition x in the
energies (in eV) of principal band gaps and the Si. Al-symmetric deep level in
a (GaAs) 2(A2xGal.As)2 superlattice. Compare with Fig. 3 for the alloy. The
superlattice wavevectors of the gaps are K-O, K-(2N/aL)(1/2,l/2,0). which has
states derived from the L point of the bulk Brillouin zone, and the points
derived from the bulk X-point: (2i/aL)(OON(N+N 2 1'), (where N1 -N2-2), and
(2if/aL)(1,O,0).
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Fig. 6. Predicted Al-derived deep le.,els of Si in GaAs, in a 3410
GaAs/A 0 7Ga0 3As superlattice (as a function of Pi, the position of the Si in
the supeilattice), and in bulk AX0 7Gao 3As. Incerfaces (which are As sites)
correspond to P - 0. 6, and 26. Note thit in bulk GaAs Si is a shallow donor,
but that in this superlattice and in bulk A10,7GA03 As it is predicted to be
a deep irpurity.

Bulk Bulk
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Fig. 7. Predicted energy levels of an As-vacancy in bulk GaAs, in a
(GaAs)l0 (At 0 7.7Gao.3AS)nl superlattice (as a function of P, the position of
the vacancy: even values of P correspond to As-sites), and in bulk
Al 0 7Ga0 3As, after Ref. (12). Note the splitting of the T2 levels at and
near the interfaces which correspond to 8B - 0, 20, and 40. The electron
(hole) occupancies of the deep levels in bulk GaAs and bulk A20 .7Gao .3As are
denoted by solid circles (open triangles).
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potential operator V;

det (l-G(E)V) - 0 - dec (I - Pf(S(E'-H) V/(E-E')j dE').
(2)

1
Here we have G(E) - (E-H)' , where H is the host Hamiltonian operator, P
denotes the principal value integral over all energies, and 6(x) is Dirac's
deltCa function. For simplicity of presentation, we consider a periodic NlxN2
GaAs/AIXGal~xAs superlactice grown in the (001) direction. This superlattice
has N1, two-atom thick layers of GaAs and N2 two-atom thick layers of
Al.Gal..,As stacked alternately in a periodic structure. 'We assume that the
layers are perfectly lactice-masched. We describe the superlattice
Hamiltonian in terms of an s*sp basis similar to that of Vogl et al. (15).
Our Hamiltonian is a nearest-neighbor tight-binding model, and, in the limit
of x - 0, is identical to the Vogl model for GaAs. We treat the superlattice
using a superhelix or supercell method: (for the case x - 1) a superhelix or
supercell is a ilBlical string with axis aligned along the (001). or
z-direction consisting of 2N, + 2N2 adjacently bonded atoms As, Ga, As, Ga,
As, ... Ga, As, Al, As, AX, As, Al, ... As, Al. (For x 4 1, replace Al by the
virtual cation AIXGai~x,) The center of this helix is at L and each of the
atoms of the helix is at position 1: + 7 (for 6i-0, 1, 2, ... ,, 2Ni+2N2-1), The
superlattice is a stack oC superslabs. A superslab of GAs/tl.Gai.XAs
consists of all such heli-.es with the same value of L.and alli possible
different values of Lx~ an& Lv. The origin of coordinates is taken to be at an
As atom and a neighborin&~ cation is at (1/4 .1/4 ,1/4)aL, where aL is the
lattice constant. At eac'. site there are five s*sp3 basis orbitals Jn,L,v0),
where n - s*. S. p ,,p , r p. and the site is specified by
0- 0,1,2,... ,2Nl12N2.Y, From these basis orbitals we form the sp3 hybrid
orbitals at each site R '- (L P), The hybrid orbitals are

Ih11R) - ()s.R) + AIp,)+ A1pyK) + Xp,)/

Ih31R) - (Is,R) - J~?.)+ AIPYSR) - Alp.R,)1/2

and

Jh4-R) - HfIR) - XPx,R) - AIpy.K) + Alp,.))/2

where we have A -+1 (-l) for atoms at anion (cation) sites. Introducing the
label v - s*, h ,h2 i h3, er h4, our hybrid basis orbitals are Iv,iK), and the
related tight-binding or wt s (161 are

s Et11 Z exp (ik'!t+ii':;) IV,;vP)

where is (in a reduced zone scheme) any wavevector of the mini-zone or (in
an extended :'cne scheme) any wavevector of the zinc-blende Brillouin zone.
Here N. is the number of supercells.

The mini-zone wavevector K is a good quantum number. Evaluation of the
matrix elements (v~kH&,'I)leads to a tight-binding Hamiltonian of the
block tridiagonal form. For example, the diagonal (in 6) 5X5 matrix, H(P,P)
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S* 0 0 0h 0h 50 h T T T
H(P ,l)(v,O kJHJP',fi k) - 0 T 'h T T

0 T T Ch T
0 T T T h( 5

where we have the hybrid energy

h - (s + 3p)/46)

and the hybrid-hybrid interaction

T ( cs- p )/4 .(7)

The energies Cs*, ch, and T in H( ,8) refer to the atom at the P-th site, and
are obtained from the energies w tabulated by Vogl et al. (15). To account
for the observed (17) valence band edge discontinuity of 32% of the direct
band gap (181, a constant is added to 4s. and e for Al.Gal..As; this
constant is adjusted to give the valence band maximum o AIGa As below the
valence band maximum of GaAs by :. of the direct band gap dife'rence in the
limtt Nl-N 2 - ',

Expressions for the remaining, off-diagonal matrix elements
(v,flkIH~a",',) or H(Pfi') are given in Ref. (12). The Hamiltonian matrix
has dimension 5(2N,+2N2) for each k. We diagonalize this Hamiltonian
numerically for each (special-point) k, finding its eigenvalues E g and the
projections of the eigenvectors I'y,k> on the I v, ,i) hybrA basis:
(v,p,KI7,1R>. Here 7 is the band index (and ranges from I to 200 for N1-N2-l0)
and k lies within the mini-Brillouin zone in a reduced zone scheme. With
these quantitites, we can evaluate Eq. (2) for the Hjalmarson model of the
defect potential matrix V (3): the matrix is zero except at the 3defect site
and diagonal on that site, (0, Vs , V , V_, VP), in the Vogl s*sp3 local basis
centered on each atom. The point-gro~p for a general substitutional defect in
a GaAs/AIxG&.xAs (001) superlattice is C2v , provided the AlxGal.xAs is
treated in a virtual crystal approximation. In the GaAs/AlxGai.xAs
superlattice the A1 and T2 deep levels of the bulk GaAs or ALXGal..As produce
two a1 levels (one s-like, derived from the A1  level and one T derived
pzlike), one b, level ((px+py)-like), and one b2 level [(p-p.,)-ike). Of
course, for impurities far from GaAs/A XGai.xAs interface, theJ s-like a1
level will have an energy very close to the energy of a bulk A1 level, and
p -like a1 level and the bi and b2 levels will lie close to the bulk T2 level
also.

The secular equation, Eq. (2), is reduced by symmetry to the following
three equations:

(b:E) - V for bI levels, (8;

G(b2 ;E) ,- VP"I for b2 levels,

and

det G(s,s;E) Vs - 1 G(s,z;E) V p ) 0,
G(z,s;E) Vs  G(zz;E) Vp - 1

8(10)
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for a, levels, where we have

G(bI;E)-E 7, I(h I  (1K1,K>-)(h4,IKI7,k>I 2!2(E-E ,g),

G(b2;E)-'Z_, J(h2,P,kJlt,R>-(h3IJ,K,kR,>I2/2(E-SE )

(12)

G(s,s;E) -

(13)

G(z,z;E) -

~jzI(Fl~fe~I, ~+(hTh~I7i~> 2/4EE.YE2)

(14)

and

G(s z;E)-E7 h ,,,,g-( 2 , ,l , ( 3 , ,l , +( 4 ]>

x

(15)
Here O(z,s;E) is the Hermitian conjugate of G(s,z;E) and p is the site of the
defect in the superlattice.

For each site P the relevant host Green's functions, Eqs. (11) to (15),
are evaluated using the special points method 1191, and the secular equations
(8) to (10) are solved, yielding E(bl;V ). E(b2:V ), and two values of
E(as;V V ). The defect potential matix elements V and 'I are obtained
using a sJight modification of HJalmarson's approach ?201. or N1-N2-0,there are 40 possible sites P, each with four relevant deep levels: two a,,
one bl, and one b2 ; thus there are 160 levels.

SUMMARY

With the basic approach outlined here, one can compute the deep levels
associated with substitutional impurities in lattice-matched superlattices
and predict the conditions under which deep-shallow and deep-inert
transitions are to be expected.
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Electtricttfucture-andcieep impurityle0vels ,in [, 11] ,!GaAs/AI Ga-..As.
semidconductor superflttie

Shang Yuan-;Renal And JohnD. '.Dow
Dej nl n:ofPhys inesyo iNotr D e., j~~Dam. fndiand, 46556

~'Necivd'~ Agut 98 a p e 6ipiblcatibn.7 October,1988)

A theory of the electronic structures of periodic N, XN1V GaAs./Ala Gal, - ,As superlatticL~s
grown along the:[ I1 I ]direction is presented-. Deep levels Associated.with s- andpibotided
substitutional impuirities ii these suoerlatticies are al~opredicted. lti.% fo idthat:(i) in
contrast with [001] s-uperlatticiis, [ II 1}1s'upqriattices atec almost always direct band-gapk
superlattices. 00i The [11 I ]superlattices-exhibit weaker quantum-well 6onfinectihi the
corresponing[00l] superlattices. (iii) As the thicknes,j(GaMs), of each-Ga~s:laycr is
reduced below, a critical value (ii. aI A, orA,4 frx 07);omnsalo 'or
impurities such as Si cease donAtingielectrons to theiconductioni-baad-afid instead becOme de.ep
traps. JFor (1111I superlattices 1, is smaller than the corresponding tj or [001- I u~perizattices.
'The fundamental band gap And the band edges of the superlatticc, and'hience thc ioniiatiann
energies of deep levels,, depend strongly on the layer thickness:(GaAs) but only weaky tin
i(AlGal -.,As). The T,- and A,-derived deep levels (of the~bulk point group Td) are Fl i
andshifted, respectively, pear a GaAs/AtjGal,-,As interface: thep-like T; level tplits into. an
a, (pa,-like) level anda-doubly- degenerate c.( p-like) level of the point giup for an; -enerul
superlattice site (C',,,), whereas thes-like A, bulk level becomes an a, (s-ike) level of ,. The
order of magnitude of the shifts and splittings of deep level' s at a GaAs/A], Ga , As interf. Ze
is less than 0.41 eV, depends on x, and'becomres very sma!! for impurities more than ='3 atoix
planes away from an interface. These predictions ire based on a periodic superslab caiculation
for Uinit-superslabs with total thickne.:. I(GaAs) + 11 AM,,Ga, -.,As) as large as 65.3 A er

N2 + N 20 two-atom-.thick layers. TiheH::miltonian-is a tight-binding -model -in aliybrid-l
basis that is a generalization of the Vogl model'and properly accounts for the nature of
interfacial1 bonds. The deep levels are computed usint-the Hjalmarson etaL theory[(Phys. Rev.
Lett, 44, 810,(,1980Y] and tne special points method.

1. INTRODUCTION which we define as the direction "3." T!Whulk direct~ion..

The theoretical and experinmental study of semiconduc- [2. - I 1], and (0.1, -- I] are defined as the direction.,
tor superlattices hasbecome a very important area of basic "I" and "2."'We employ-a nearest.-neiphbor tight-hi nding
sernizonductor physics, device physics, aed, materials H-amiltonian W'zih an-ssp' basis-of five orbitals at each site.
science. GaAs/AlIGal -. ,As 'superlattices,"2 wvhich are Our Ha miltonian, in the limit of x = 0. is i'nitical to the
commonly growvn in the (0011] direction, are the ones that VoImdlfrG s.'oecieen'saentdudb-
have been most thoroughly studied and understood. Impuri- -cause of the superlattice, which we trea t usa a ueei
ties play a vdfy important -role in determining the physical or supercell-m~ethod. T4e superlaiiie we zol,.ider has N,
properties of senmicon'Juc'orQ Reccntly we published a two-atom-thick layers of GaAs and N: tw% -atom-thich kv
theoretical study of-the electrcdiic structures and substitu- ers of Al,,Ga, -.,,.As repeated pcriud ically; the GaAs andc
tional deep impurities in such §uperlatticies,4'5 which, wve be- AIr Ga, -. ,As are assumed to ^b ptcrfe ;ly '!attice
lieve. is the first systematic theoretical study of deeo'levels in mahd ednte hssnraxie dhra
stiperlatices. In the last few years. people have begun to (GaAs),, (Al.,Gii, rAs).v. tuperlaxict or as a
investigate superlattices grown in the [ IlI direction, both GaAs/Al, ,Jal A superlattice wiih Y', GaAs layers and
expL'rinientally",'and theoretically.'-' Here we present a the- K, Al, G,.* -A& -layers, or as an) A*N*,Ga \s

ory of ;:-e electronic structures of GaAs/AlGa, -,As su- AlGaj , As superlattice.
perlattices grown in the [1111I direction."' and tye-predict NV first define,(for the case x = )a superhli-ix or su-
the energy levels~of substitational deep impurities in these percell as a helical string with axisitligned alonig the j1 F!
sup~rlat;ices. We compare.6ur rcsults for [1111I superlai- die~,, .1:1itn of-Y 2 'A',2N adij:,ccn tv honded.at(,ms
tices with those for corresponding (0011 superlattices.' As. Ga. As. Ga. As.,Ga, As, Al. As. Al. As. Al]_., As.

(For x"'), replace Al by -AlGal . The center of thts
II. FORMALISMA helix. is at 1.and each of the atomns of tli hdi,: is at position
A. Host Hamiltonian L v', (forf ,= 0. 1. 2.,2.Y', 2N2.Y.. A ':iperslaI of

We treat a periodic GaAs/Al, Ga, ,As -superlattice G~/L~ A ossso u i~ ekswt h
whose layers arc perpendicu~lar to the hulk 111 ]-Idirection, same value of L3 and all possihku dilfre~em values (WL, and

L,: aid the siperlattice is a sakd;ra ftee~~es~
PL'n2~,wn udrc~ De1::~m~o, r ~ I ~:~esi: ,, S~~nc .ix 'If the origin orcoordin2.-tes is takenl t- 'x' a'an As ,aiom. ii.e x

Tvqhnxgot~l' of Chume. I f uei hna. and r axes are oritented such that , aciaihhorint- cation !5 at
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xU a-, where aL-is-the lattice constantL' At each site where 2 + 1 ( - i'). for atoms at anioni (cation) sites.
thefiaressp' basisorbitals 1n;Lv 8), where fi i*,s.p.,,p., Next we introduce thelabel v- s*, h, h;, h.,, orh,. and oul
orp and'- 0, 1, 2,..., 2N, . 1. Fronm these.basis -hybridbasis:orbitals aie iv.R). In terms of these brbitals we
orbitals we form the sP" hybrid orbitals at each. site R form the tight-binding orbitals

The hybrid orbitals are jv.;.k) ,= X,- S," exp(ik.L 4- ik.vp)v,L,vq), (2)
jh,,R) [ sR) + P.,R +A2 j p ,,R + 1 P:) ]2, where k is any wave vector in the Brillouin zone in the super-

Ihk,R) = [isR)+2 p,,R) -- i .,R)-2. p.,R)]/2, iattices.Here N, is the number of supercells.
Ih.bR) = [s,R) 2 I p.,R) + 2 I p,.R) -A jp.,R) ]/2, The wave vecior is a go6dquantum number, and so the

tight-binding Hamiltonian is diagonal in k.'Evaluation of the
-matrix elements (i',1,kIH Iv'1.',k) leads to a tight-binding

1h4,R) = [IsR) - A Ip,R)- 2 Ip.,R) + I p.R) ]/2, Hamiltonian of dihblock tridiagonal fdrm.For different/3

(1) and 3', the first three rows of block matrices are

A(0,0) H(O,1) 0 ... .... 0 H(0,2N, +2N, - 1)'
H(0,1)1 H(l,l) H(1,2) 0 0 .... 0 0 (3)

0 H(1;2)1 H(2,2) H(2,3) 0 .... 0 0.
The last row of blocks is

li(0,2Nl +2N 2 - I)t 0 0...0 H(2Nl +2N-2,2N +2A,- 1) H(2Nl +2A. - 1,2N + 2N- 1). (4)

I •
Here H( ,fl') depends on k and is-given in terms of various C(vn;/3)
5 X 5 matrices for different v and v'.

The diagonal (in 1),, X-5 matrix, H(,,3) at site 13, is s* 1 0- 0 011H(fJ) = (v,13,kIHIv'0,k) _h 0 1/2 +2/2 +2/2 +2/2

/4. 0 i 0 0 0 h, 0 1/2 +2/2 -2/2 -2/2
o C E T T T) h3, 0 1/2 - /2 +A/2 - /2

= 0 T TE TT , (5) h4  0 1/2 -)./2 - /2 + /

0 T T e4 T (10)
0 T T T eh Where2:- + I - 1) if13refersto an anion (cation).

where There.are several distinct cases for which the off-diag-
onal (On/3) matrix elements (n, fliklH in', /3 ',k) are nonzero

+ 3 er )/ A(6) (forfi$-f').
is the hybrid energy, and

-, - e/4 (7) .. Intramaterlal matrix elements
is the hybrid-hybrid interaction; the energies e, 6h, and Tin If/0 and 3' both refer to nearest-neighbor sites in the
H( /3,13) refer to, the atom at the /3 th site, andmay be ob-
tained from the energies w tabulated by Vogl, Hjalmarson, same material (either~the GaAs or the AI Ga, -,As) we

and Dow." To account for the observed f.valence-band edge have (assuming/3'id 13' are in mazeria1~number I, the
discontinuity of 32% of the direct band gap, a constant is GaAs), for example,
added to e. and Eh for Al, Ga, -As;-this constant is adjust- (n, 3,k!H In', /3',k) = ',.a,' (11)
ed to give the valence-band maxifiuim of AI, Ga, As be- if0 refers to a cation and /3',reers toan anion. /1,jisaS 5
low the valence-band maximum of GaAs by 32% of the matrix whose rows and columns.are labeled by n, which
bahd-gap difference in the limit N , = N2 - /. ranges over the values s*, s, p.,, pk; and p.. Similarly we have

Theoff-diagonalmatrixelemenz(',/0,klHv',/0',k)dr matrix elements H,,,, H,,,, and j. These matrix ele-
H(3,/3') are best expressed in terms of matrix elements of ments are
H between s*, s. and p orbitals. This is-accomplished by the
transformation 6 h 0 - - C,, -

v, AkIH [I,', fl') 0 ,, - - coG' - coV 4(v'lulll".] ,: =C,,V, C,,v s  C,,. CV. v3 C.,, 1

- ,Ct,,i; 13)c(,',n'; f') (, 3.k 11 n', /3',k). (8) C , G0V" C o K, Cc,,, c,,JV.
whjere we have the s*sp". tight-binding functions, ci/, c, co.. r, col.

In, 0,k) =' N /2 E/, :i.exp(ik.I. + tilv 0)ln,L,v 0), (9) (12)

and the 5 X 5 matrices Cv,n; 3) .-re Here we have C , where we have
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and , (~l4 (-,1,1, wih ~ bingtheilactic ontafit 'Vj;" VRsc'pa), ' ~ap
of GaAs or AlAs. Here k is the wave vctoir.,In addition, wy~ and
have 'V, ='(*,Pa),

V R(S-s), '2 RX~i)t in-the-fnoiatiofindf Vogl ai,Jco-w rkefsad

/0 09' +2+ 3 'V4 ,(g,1g,1. ) J'4( -914,+g 2 -7g,) 'V(J- gi,-gg,
H 1c V 02 Yg gi3) V(g,- .g"+i -+g.(rg -g 1 V( g, - g.i)~

K7 gl- .1+ .0-VY -glg2'+3) V3(-g, 4g- g,) 'V3 (g,.-g.') K2(g,1 92 +k)

We also have,

Ag, ex(kc-xl) 4g2=exp(ik-x,),

4g3= exp(ik%.X,).

Here we havexi =(a,4)(i, - 1,-I)x 2 (aL,14)( -1,,, and X (aL /4)(-, ,)
All erthe matrix elements Vare those tabulated by Vogl and co-workers,"l formaterial number 1 (viz., GaAs). Identical

expressions exist for H,.,,. and"4. I-a' th Al.,Gal ..As matrix elements; (The AlGa, -.As matrix elements are obtained
by a virtual-crystal'average of the Vogl matrix elements fok AlAs and GaAs: x timesthe corresponding AlAs m tcrix,elements
pl us (1I - x) -times the GaAs matrix, elements.]

2. Intermaterlal matrix elements
At the interface between GaAs and Al.,Gal ... As there will be nonzero matrix elements of HI for each bond between

nearest neighbors. These are H.2,1 and H~,

0 0 V6 (g1,-g92-g) V;( -i+ S:- gA) 'V"( -g, 4-g,+ g.0

o V, (g, +g 2 ,+g.1) V,(g, -g4-g 3 ) Y4 ( g+g',-g.A) V,( - g, - 2 +g.%)( V7( -g +g2 - 3) - VS(-91 +9Z- 3) V3 (9-g,92+g 3) VI (g1+g92+g 3) KVd(91 9. ) jd
-V7( -g, -g.+93) -- V( -:-ga+4 3 ) V5(-g1,+g--'"g 3) V3(4,- g2 -g3) ;g2 (1 32+ 9,)

(14),
and

/ 0 0 V6(C,'-CC 3 ) V6( - C,+ C-q1) I""( -C, -CGa+ C~
10 V,(C, + C2+C 171 4 (C -CG C3 ) V4 -C ,C- ) V4 (-C, - C'+C)

H;.,. 1 I; 7 (C -CGa- C3) -' (Cl - C3 ) V(C,+4'C2'+C3Y V(-C,-7CG1+ C3 ) V 3 C, +C, -C)I

kV7(-Ct- C-+ C ) - 5 ( C-C 2+ C3)V 3 ( -C+ C Y3 (CiC:Ci - "'(C, + C'+ C)/

(15)

Here the Vogl matrix elements are those-for the bond in-
question: If the cation is AlIGa, , and the anion is As, then
the matrix element is theAlGal _.,As matdxelement ob- -

tamned by a virtual-crystal average of the AlAs and GaAs
values.

After the tight~binding Hamiltonian is given, calcula- - r'- - --- K
-tion of the electronic structure is $raightforward. In this
wvork we study electronic structure and deep impu 'rity levels
in superlattices as large as N,. + j, = 20; that is, in 40- (-
atoms-thick superslabs. The dir~ensk'n of the Hamiltonian
matrix at each value of k is 5 (2N, + 2N,), becausc there are FIG. 1. Thit Brillouin zone of (11)1 uperiattices, r' is at (0.0.0)..-I i%. at
five orbitals- per site. WVe diagonalize this Hlarniltonian nu- (., 12 + 2AN,),AMis at (1, - 2.10)/ or e±quivalent points. K is at
merically fvr each (speciai-point) k in the Brillouin zone (0.2.- 2)/3 or equivalent points, all ;re in units of (2/,.Paenote
(Fig. 1), finding its eigenvalues E,,.k and, if necessary, the for a GaAs/GaAs or AI,Gj1 . As/Al,Gat, -As 1 1111 Superlaltice. 'he,
projections of the eigenvectors 1),,k) on the Iv, 0,k) hybrid superlattice r point might corres.pond to the bulk r point and/or

L[( I.1.1) 1 point of the ordinary bulk Brillouin zone'. and the sup~rlattice
basi: (v jG~lr~). Hre ; isthe'and nde (an ranes 1 point might corres.pond to hle X1 point afid/or L((I. - 1. -1).

from I to 200 for iv, = A',= 10) and k is the wave vector: it I - 1. 1. 1) or 1 . - 1. 1)) po)ints of the ordinatry bulk Brillouin zone.
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can be within the inini-Brilouin zone in a. reduced zbne GaAs/GaAs superlattice'alozig, he 1111 directioni, we. re
schieme or within the GaAs Brillouin-zone iii an extended duce the Td synimetry to G3 ,,. Inhthe GaMs/AlX'Ga,,..XAs.
zone schenie. (We assume that GaAs and Al.,Gal -XAs are superlattice theA I and T, deep levels of the'bulk,,Q aAsor
perfectly lattide matched.) AIX Gal - XAs produce two ~al levels,(one i-like, derived

from, theA, level and one, T2-oerived&p& -like), one doubly
B; DeepleVels, degenerate e level (_p.ike). Of course, for impurities far

The th~pory of deep levels is bas, -i theHjalmarson el from a QaAs/AlX Gal ... As interface, thes-like a, level Will
al. ree's fncton teor,' 4 whic so~.s he eculr eua- hAve an energy very close to the energy of a bulkA , level, and

dton fbr the deep level energy E thep,-like a, level'and thep,-like e level will lie close to the
bulk T, levelalso. But, if T,-derived levels lie close to the

det[ 1 G(E)V Y1= valence-band maximum, then the splittinig oft Itli valence-
/ ~band edge (into a doubly degenieratep,.-ik maximum and a

.detklI Pf(6(E '.l)/ pe, band edge at slightly 'lower energy) may cau 'se the a,
copnent deep level to lie lower in energy than the e levels

(E - E') ] dE' V. (16) by an energy conipqrable with, the splitting [seeEq. (16).
/ Note that thissplitiing exists even for, defects distant from

Here, Vis the defect potential matrix,'" which, is zero except the interface and is a consequence of the different host,spec-
at the defect site and diagonal on that, site, (6 ~,VY) tral densities in the superlattice for a I ande states.
in the Vogl s*sp3 local basis centered on each atom. Wi also
have, G (E - H) I; where H is the host tight-bindifig 2. Secular equations
Hamiltonian operator. The spectral density operator Is Th-eclrequation, Eq. (16), is reduced by the C3,
M(E' H) andP denotes the principal value integral overal poin Tgou symetry otefloigtoeut s

energies. In the fundamental band gap of the supe rlattice, G7 pitgopsmer otefloigtoeutnrs

is real. G(e;E) = V,~ fore levels, (17)

I. Pint-roupanalsisand
1. Pont-goup nalyis IG(ss'E) V, - I G(s,a,E) V I

A substitutional point defect in either bulk GaAs or det0, ()
bulkA1,Gal , .As has tetrahedral (T'd) point-group sym- o I levels;, wereEV- w0, (18)
metry (assuming a virtup.l-crystal approximation for foa 1 lvswee he
AIX Gal _.As). Each such sp -bonded defect normally has G(e;E) 7I~ I (1h,, flki 7,k)
one s-like (A,) and one triply-degenerate p-like (7'2) deep 03hflkl k)2/2 (E E)
defect level near the fundamental band gap. If we imagine
breaking. the symmetry of bulk GaAs by making it into a (19)

G(s,s;E) =,YX2.k I(hl,flGklrk) + (h2113,klryk) + (/i3, fikI,'k) + (h4,,Glkryk)12 /4E - E..x), (20)
G(o,o-E)= )1 j3(hl, ,q,k) - (h, 6,kjryk) - (1i3, f,kj;'k) - (h., /3,kf)'k) J2/12(E - E 0 (21)

and

G(s,o';E) --; ll. [_(I:, pklr~k) + (12, 13,ly,k) + (h.1, f,k,k + (h4, fiklrk)]I

X [3(/n,,M7, - (h;,A0klryk) - (hb fklrk) - (h4A., Gk~yk 1*/[4.._(E - E,.)] (22)

Here G(o',s;E) is the Hermitian conjugate of G(s,o;E) and 13 accuracy as Chadi'sand Cohien's'" ten bulk special points
is the site of the defect in the superlattice. would give for bulk GaAs or AlAs. i.e., GaAs/GaAs or

For each fi the relevant host Green's functions, Eqs. AlAs/AlAs superlattices. This level of accuracy is known to
(19)-(22), are evaluated, and. the secular equations ( 17) be adequate for bulk Green's function calculations.
and (18) are solved, yicidi,;g E(c;V,,) and two~values of
4(a1;,, V~,). The defect potential'matrix elements, V, and Ill. RESULTS

Vare obtained as in Ref. 4. For N, = A2= 10, there are 40 A. Superlattice band structures
possible sites 13, each with four relevant deep levels: two a, We first calculat , the band structures of super!.tt :es
and one doubly degenerate e; thus there are 160 levels. for N, - A, = 20 at points of high symmetry in the first

For our studies of de.-p levels in the band gaps of Brillouin zone of the supcrl.utice (Fig. I ). Our calculations
superlattices, we consider only superlattices such that produce E,.,k, the superlattic., bands, as functions of N,, the
(N, + N:)/4 is an integer. In such cases the sunms over k in thickness of GaAs layers -(Fig. 2). As the thickness of the
Eq% (9)-(22) can be performed using teni special points."5  GaAs slab, I(GaAs) = N,a,/'1'3 (where a, = 5.6531 A is
Thestf In superiattice special points are sufficient to give the the lattice constant of GaAs), or the number of GaAs layers
Green's function at any site in the superlattice with the same N, -becomes small in comparison with the thickness,
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N,XN III; qQAs/Ali dG..,As Superlittices. for the corresonding, [001]F supelatic.-s, as canbseby
fAl.,a% direct compirison, of the superlattices with twod dirlerent,

2.0aAs gowthdire'trs in Fig.Z2. andjor some !rwch]lre 4pr

*WnLsmaller tie thidkhesfhoi.nun- .a0Aifte

Codct~d de~d~) od deconfi n emen t 0ft'fie d irecLed ge fo r (Y0I"]'aid [1 11 lI:su perla t-

Ga s ticcs.,Forthe samenuimber., ot.GaAs14Vers,,thc tickness
4. of theitluanturm wl in aj [I I ]'Mupriattike is gtciutcf than in

Valence11,supe Gatt ce by afactor is tornl2/V = 1.,1547, but even~
.-.-.-. if this fcoisincluded, the weaker quantum-well conifine.

-0. - - - - mcnt in. the,[rlllI1] superlattices is still not completely ex-
I Olained'by a simple one-band ciT. noive-mass mnodel,- One o'f

-0. /7the most dramatic differences be: veen, f HT]',and [001] su-
~o,3 ' erlattices of similar GaAs layer ihi.-kness is the much larger

4 '6 8 10 12 14' 16- 18 20 heavy-light hole energy level splitting at-the top ofvalence
Number of GaAs laer N, bands of the superlattices..For !OX 10 GaAs/Al 1,7 Ga,., su-

coidutio~bnd perlattices this-splitting is 0.08S7 eV'for the:( I 11],superat-
FIG. 2. Prcdictud energies' (in ev) 'or the superlattice cdutnba tice, versus 0.035e\1 I:r thef[ 0011J superiattiice, We attribute
inimaza:d valencbanid inaxinum with respect to tht valence-band maxi. thsmle unur-velcnimntndh l.greay

mum of bulkGaIS- fori' a hIl I GaAs/Al ,Gaj , As supcrattice vs reduced tesalr4atfi-elcnfnmn n h aigrhay

layeIr thickneises Sand S. for various .\',X.V: [IlIIlI UAs/AI,Gu, ,As lighlt hole .splittingin the (I IlI],'superlattice to' the topologi.
suporlatticcs with x 0.7 andXS, +S. fied tobe 20.The calculation.'are cal difference in the, bonding between 'thej~ 111 'and the
based on the low-iennperatuit band struttures or GaAs and Al,,.Gi, , As. [00 1] superlattices. For exampie;.;, an interfAce in- a( 111]
with bulk band gaps of 0.5 and 2.2? eV res pectively. The condu'clion-band-, GaAs/AlAs superlattice, an. As atom is bonded to either
cigenvalues at r. .t.M(L i. a nd K( H) oft thes'lperlattIices are shown as solid three Ga atoms and one Al atom. or to three Al's and one Ga.
circles, open circles, solid triangles, and solid squltares. The supcrltice va-
lence-band maximum is at k = 0. Note. the broken scale an the ordinate, In contrast, an inttrfacial As in a (001]j superlattice i's l'ond-

-Th-codutio-bnd inmuman'th vlene~~an mximm f C'~ ed to two Ga and two Al atoms. This topological difference,
(0011 superlatticescalculated in Me~.~ utre also shuwn here as dashed lines wvhich has an-intrin..ic three-dimensionial charactmr affiects
(or comparison. The positions of the ,-und extrema of bulk GaAs at r. L, both the valence and conduction bands, altering their mnasses
and X' are shown on the right of the figure. at X, =,20. in a way that i s not described 'quantitatively correctly by a

one-band effective-mass model,

t(AI., Ga, - As) = A~a,/V3, or number of layers N., of The-band gap is somewhat m~ore sensitive to changes of
Al, Ga, -, As slabs, the small band~gap'GaAs layers become the GaAs layer thickness than to changes in the
quantum wells surrounded by large band-gap Al., Ga, _,As. Al., Ga, - .As layer thickness (see Fig. 3), as was the case for
As a- result, the band gap of the superlattice increases from 1001 . superlattices.
the GaAs band gap toward the Al.,Ga, - As band gap as N,
decreases (for N, large). This behavior for ( Il I superlat- C. Detect levels
tices is similar to that found for (001]j superlattices.4 The top The substitutional defect energy lev.els for sp,'bonded
of the valence band is at the Brillouin-zone center, as found impuritits can be evaluated usiing the techniques of Hjalmar-
for [00 1] superlattices. We' find the band gaps of N, XN%, son et al.,"4 as described above for sup, rlattices.
(1I11I] GaAs/Al, Ga, - As superlattices to be direct for al-
most all the cases we calculated (i.e., both the superlattices' 2.0-
valence-band maxima and conduction-band minima are at r
for different Nl,, N , and x), wvhich-was not generally the case
for (001] superlattices. (W,! did find one extreme casc, .9 \ N:10
namely a I X I1I GaAs/AlAs superlattice. in which the gap
was indirect by :!% 0.06 eV.) This could turn, out to be a tech-
nologically important property of these superlattices,-be-
cause (i) it means that [ IlI superlattices can be used in the uj 7

smallest optoelectronic devices and (ii) for-such superldt- .

tices, the electron effctive mass in the plane- perpendicular N :10

to the growth direction is always the electron effective mass 1.6

of bulk GaAs, which is the smallest effective mass that2 4 a to 1
GQaAs/Al.,Ga, -,As can have. The smaller effective mass N, or .14a

imples arge moilit an faser evic sped.FIG. 3. Predicted fundamental encray-band gaps at k =0 of a (IllI
B. Quantum-well confinement (GaAs)%.(Al,Ga, As) supelatticc as:, function of reduced GaAs

laver ti:kness X, and Al, Ga, A-; ,yel thickness N. forxv = 0.7. Note
The fundamental band gaps for iV, XN2 (lll] tha th vritin rtisal wt dcrtifg jaroia

GaAs/Al., Ga, - ,As superlattices are always smaller than tthe variation ass.ociated with changing N, from 12 to 12t. s esta
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§ia oep-shotlow transition fig. ~.it probably- odcufis'fof ' .--- adiG slv thick-
in£iI asA 0a 3 4S superlottice nesoorder w =13 A or less;1

C. SM Empt Ue A similar analyvsis can be. made of the behavioir of other
resonanceCam(SL) 'impurities,for eiamoiil, in GaAs. Nitrogen has aresonant

E~ EPty - -- - state in the conlduction banid of GaAs. Wehave, predicted',-
slvlow ei ee Occupiedshlo thatN in a GaAs layer o a (0011 I aAs/AlA Ga1 ,jAs su-
le> deepi level e-Idsalwperiattice-wi:lshaVe an impurty statC in the banid gap if the

- hickness-of tlheGa A-layer is sml-ri~h forekample,
548 A orl17 toleculatlIayers. Here we predict~that N 'in the.

W Cdas GaAs iyers-of a, (111] GaAs/Al*,. As 'supeflattice,W VSMA~o~sYwill 1 have an impurity state in the bandi gap if the thickness oll
VOm (SL) theGaAs layersis thinner than <32 A or ten--molecul~r

layer$.

4 6 S' 10
Number of GaAs layers N, 2.As vacancy/evels

FIG. 4. Illustrating the deep-to-shallow transition as a function ofincreas. ~ figure 5 displays thedeep energy levels in the band gap
ing GaAs layer thicknesi N, in aGaAs/AI, Gal, ,AsN, X N.superluttice of an, As vacancy. in a A', = AN2 = 10 GaAs/AQ,,7,Ga),,As

(SL wiF x-0. ad N + :,~20 or Stimprit ona olun 11 SIC superlattice, as a function of f3,the site of the vacancy in the
-in the center of a GaAs layer of the supplattiee host. Thc su perlamtice con.
dluction-band edge. (CHM) and valence'biindmaximumn (VflNI) ire ini superhlix or supersiab. A vacancy is simulated here by let-
catcd by light solid lili. The Si deep level is dciotcd byu a eavy line, NWh-ich ting thle coefficients of the vacancy state wave function at the
is solid when the lev 'el is inthe -up but dashed when the level is resonant, vacancy site vanish,.because t, vacancy stae cannowvave an
with thc conduction band~l it:L decp level inliv band gap for A,, <4 is cov-

ere u byth codutio bnd s reul o~liiig~ n te ostfo 2N,4. expansion coefficient at nonexisting orbitals,"9 Several fea.
The impurity's deep level lies in the gal) f6r A'l,4 and is occupied 15 -the ture; of~the results in Fig. S are worth noting., in contrast
extra Si electroni; the Si. in this case. is thus a "deep imipurity." For N,, >4, with the ( 001], superlattice case, the, (III] superlattices are
thle deep level lies above the conduction'band edge as a resonance. The not, "symmetrical" any more: tile two inilerfices,1 = 0 and
daughter electron from, the Si impuritF which was destined for this deep i~i 20 are not equivalent-to each- other- any m~ore: a t the-

levl i auoioize, sill~ii~gfthedep resonance level, and falls to the
conductlon.band edge (light solidlIine) wherv itit subsequently bound (at 0q 0 interface, there are thrcehyb'-ids directed inside the
low temperature) in a shallow level associatto witll the long ranged Cou. Al, Gal -,, As layer and one hybrid in the gaAs layer,, but at
lomb potential of tlhe donor (indicated by thc short light dashed line). It is the 13 = 20 interface, there are three hybrids inside the GaAs
important to realize that both the deco level 'andi the shaliow levels coexist iieadoehbi n"h lGj,.A ae.Adrcand or.,distinct levels with qualitatively diff'erent wavefuictions. The issue ae~n n yrdi h lG,.A ae.Adrc
,of whther an impurity is "deep" or llshallow" is determined by whether or consequence of this nohsy'mmetry' is the as~'rme~trical posi.
,not a deep level associated with the impurity lies in the band gap. The coin. tion-dependence, of-the T2-derived As vacancy level. Near
puted dcce .shaflow transitiono a urs forNl 4 layers, While the qualitative the intefface , = 0 thep-lik-c 71, bulk As vacancy level splits
physics is comr-letely reliabe it. possible that the transition layer thick. not6lvl:a ,lvladadul eeeaeett.

nes ma dii'e soewht fom , - inrea suerltties.The 6 1 level corresponds to a p-likc level with its orbital per-

pendi ular to the atornic layers and has almost thc energy of
a bulk GaAi'T2 leve!, while the e level corresponds to two p.
like orbitals-4insidethe atomic layer, and has awtenergy al-
most the same as the bi~lk A % Ga, -, As T~Ievel. However,
nedr the interface 1 = 20 the a,.kleel has an energy almost
the sarneas the bulk Al, Gal _.., As lev'el wvith its orbital ori-

1. Dpenenc onlaye thc~ressented perpendicularto the atomic layers, and the e level has
1. Dpendnce n lyer hickessan energy almost the same as the bulk GaAs level. The split-

Figure 4 displays the dependence onl GaAs reduced lay- ting between the a, and e levels a! the itL'riffce are smaller
erthickness A', of the deep Ga-site .4 -level of a Si'imourity' thanthe splitting in the ~corresponiding [0011 )superlattice.21
in the m:iddle ofa GaAs laycerin a GaAs/Al,,,j Ga,, As super- of order-less than 0. 1 eV, and becomnes smaller yet when the
lattice. As the size N, ofjthe Ga *As layer, shrinks. the deep %%sc:Incy-is mnore than three or so atomic layers from the
levels remain re!ativcly constant in-energy with respect to the interface-but may not vanish even if the defect is distant
GaAs valence-hand maximumn while the conduction-band from the interface, as a resuilt of the splitting of thle valence-
edge of the superlattice increases in energy-progressively band edge in the superlattice and the resultiz,- changes of tile
uncovering the once resonant deep level of Si and'converting host spectr'al density. The other general behavior of tlte As
this shallow donor impurity into a deep trap.' " This shal- vacancy state iii 11111I superlattices is v'ery-si.- flur to thle
low-deep transition as a funlction or GaAs well-size A', is behavior in 1001 1 superlatt ices.
similar for both Il j and [00 11 superla, tices. But because Simillar behavior to that fo'und for thec As vacaiicy levels
the band gap of thle 111 J stiperlattic.: is less senis;:ve to is to be expected for all As site .vp-boadcJd deep imlpurity
quanitumi confinement, thle transition of S; from a shallow to le~ es ~nGaiAs/Al, Ga, As superlaitices. ill hluil e is-
a deep impurity w~ill occur at a smaller criticalGaAs layer site of whether a specific deep level lies in) the f'undamental
thicl:%ess A', (Based oilthc general structure of the curves of bandgap or not depend% oitile deetpotential for that
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VBM 7;"_. I

GaAs $JeA
0 5 10 -I1 20 15 30 33 40

Site 0 In Sutperlattics

FIG. S.Tredicted energy levels oran As vacancy in a (GaAs) 1,,(Al 1 Ga, I As) ,, superlat Iia aw nion of, I h,: positi!on of Ithe va~ancy:(even values of#i
correspond toA Asitei. Note the splitting of the T,'levels at and near the interfaces 0 -. 20;und 40), and that these vacancy levels lit at higher cner~y in
an A10 I a,,) As layer than in a GaAs layer. The al'and i ordering changes at successive Interfaces. The zero otnergy is the valence-band maximum otbulk
GaAs, and the corresponding valence blind (VDM) and conduction band (CiiM) td.-es and deep levels in bulk GaAs and bulk Al,), G.s, As are given to the
Icft and right of the central figure, respectively.-The top of the central Agure is the conductio6-band edge ofthe superlattici, and the bottom, corresponds to
the split valnce band in thesuiperlatice-thoc valence-band maximumn of the superlatticei be 'Ing oft symmetry j p,) and the split-off a, ( p.,) band maximum
lyingO.0117 eV lower in ertergy,. The., (level In the AlGa, . As layer of the superlattice is lower than the corresponding level in the GaAs laytr because of the
bind offset of 0.33 eV. The eltectron (hole) occupancies of the neutral deep levels in bulk GaAs and bulk Al,,Gae)As are denoted by solid circles (open
triangles).

impurity ziid on jN1, N:, and x. But if a 7': level does lie in the I. Cation vaca.ncy levels
gap, the lower the energy level is, the larger the superlattice-
induced spItt of iwold be, due to the greater influence The A ,built levels for a Ga vacancy in GaAs and for a
of the split top of the valence band. cation vacancy in-AI, Ga, .. As all lie very deep in the, host,

2.1 -Cation-Site Tilderlved Vacancy Levels Bulk
[Ill11100l GaAs/Al 0 ?Go~ 0 3As Superlattice AI0,G,As

Bulk

GaAs - U

**,(A' 0*G0,3s

W0. 0 , Y.!miI 0 -. VBM (SL,9.)

-0.2- TZ (SL,0,) 4L 7.

GaAs At41 0,1A,

0 51 IL 10 10 2'3 5'4

FGo. P'redicted TA-.-rive-d W~elsofa cat ion vuatlcy ina (GaAs) ... ,G,,,),,sueltie ~ uetoto~eidsi the positiono otthe Vaean~A-The ;.ro ofenergy is t le v:alence-banid edge of bziik (JuAs. and tte correbrpondine %'alence band and cottductio,,-tiand edge-, and diep'levels in bulk GaAs .nd
bulk: Al,, Ga,,As are given to the let anid a iht iftlw cenitral ligure. respect ively. The top! otthe cczial figm re is Ithe ,ond vion-band edge of the stiperlat tice
and 'he two bottom lines corva''pond ito dhep. -like valence hand maisimntan U11the split r' -like t:( -- below it. Elect ron ,ccu pying thle levels are denoe by
soid circles. Holes initially in lecels belowd ~iei-,w~~i~ ni a denoted by oput triailes atd bubble tip ito the '.lnc- a xaitnitin. where the
long ran-ed Coulturnb poteziti eaat trap thtem to. shallow acceptor levels tnot shown 1. The cation % acancy in bulk GaA-s and in an Al, -Ga,, As laver of the
superlatticc is a triph: shallow aceptor. pi pviding three such holes to the valetrce hand. In bulk Al-Ga,, ,Asand in a GaAs layer of he superlattice. the
%acancy produces:, deep trap forcither eletron--orholcs. In the %uperlatie. the low-energy le% el in a G:iAs layer L, fa s% mnfitry. and tihe high-energy level
is of e symmetry. as indicated oin the tigure.
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ditherin the buwk or at art ifttfta,: of aGaAb/AI,,Ga1 - As ie el- in, t:hecgap. If itwerthcse that a cation ' acancv necar
su peratticat aninterface had all of its sublevels resonant with the valence

TheT:.d 'erived cation vacancy levels produce deep 1ev- band of the superlattice, then the v~canqy wvouldb eatriple
elsndr the valence-band maxima of both [ 001] )and [Ill]I shallow acceptor.'If the vacancy were near the ceniter of the
GaAi/AlGa1 _ -As Auperlattices4 (see fig. 6). In bulk GaAs layer, the vacancy would be a deeptrap for both diet-

Ga~snheT. atin vcany level is predicted'' to lie =0.03 tro..R and'holes. Because the cation vacanicy lies snerthe
eVbelow the vilence-band maximitm. Ir bulk Al,,7 Ga,.. As, valence-band maximum, relatively small aniounts of lattice
the predicted vacancy level is in the gap., 0.11 eV above the relaxation or charge-state spl ittings of the defect levcls could-
Al0, Ga(,.. As valenice-banid maximum. If a 0.33-eNV band off. alter the predictions for tile character of the impurities.
set is assuziledfor the GaAs/Al,,, Ga,,., As suplerlattice.ahis All other Ga sitevI.:' handed subso: utional impurity T2
vacancy level should, lic 0.22 eV Ibelowv tile top of valence levels will- have similar position dependencies, to the oi es
band of GaAs. Inthe [ IlI GaAs/Al,~ Ga, -,As superla;. found here for the Ga vacancy. But if the energy levels are far
tice near the interface, tihe T': cation vacancy level splits into away from the tol' of the valence band, the efflect of the va-
cand e sublevels. For x=0.7, some or all of these sublec, -.t lence-band splittlig will be smaller.
may lie in thle gap of the superlattice. the energy of a deep
level with specified symmetry is determined by : balance IV. SUMMARY
between tle conduction-band states, which push the level
down in enuergy, and the valence-band states, which repel it We have found that the basic physics of electronic strut-
upward. Hence it can be easily understood that the cation ture, and deep impurity level, in; the same for (Ill ) and
vacancy levels, because -they are very close to the top qftva. [001 ] superluttices, with three iii .oor d ifferences. (i) The
lence band of the superlattice, are most affected by the h'eavy topological difference of the bonding rin the [ Ill I growth
(e state)-light (a, state) hole splitting of the superl -attice. as direction and the [001]j growth direction cause significant.
we have seen in the (0011 superlattice case. For (1111I super'- diffierences of elect ronic structure and defect statte behavior
lattices, because the heavy-light hole splittinig is even larger, in the superlattices: Ill I superlattices almodst::lways have
its effect is even largner. direct band gaps, quantum-confinenot effcts art: weaker,

If the predictions are taken literally, then near the inter- And hereforc .. allo~'-deep transitions for impurities such as
face the cation vacancy produces a v'ery interesting level Si or N occur at smaller GaAs quantum-well sizes. Thtis, the
structure, depending on the site of'the, vacancy. To, begin [II 1] 'GaAs/A , Go, A4s superlattice' s may prove to be
w -ith, in a GaAs layer of the superlattic -e, the bulk-GaAs T,. better materials for electronic applications than, the [001]
valence-b 'and resonance becomes either an c level in the gap GaAs/AlGa, -,As superlattices, 00i The point-group
of the superlattice or an e resonant state (depending on the symmetuy of substitutional impurities in Ill] superloittice~t
position of the vacancy), and an a, resonant state. The e is C ,,. rather than Q,, as in [001] superlat tices. Therefore
levels lie rouuhly =0.07 eV above the a, levels, much more bukTim rtylvsae ptinoo odgnrtea
than in the case of [001] superlattices. This is because the T, level and one douh', degcrerate levecl e, instead of thr-C non-
levels are near the valence-band maximum and, in the super. degenerate level-; (Mi) The larger e-a , splitting, of the top

latic. heT~kevalernce-band maximum is split into a,, vlnc ad ed to larger splittings of the bulk T, levels.
(light~hok, p,-lke) and c (heavv-hole, p,-like),edges, and especially for those in GaAs layers and close to thle top of
because thea I valence-band edge has a lighter effective mass valence band. We hope the theoretical work presented will
and a stronger quantum-well confinement effect: the band stimulate more exp-.riments on deep levels in superlatticvs.
edge for a, ( p,, -like) states lies 0,087 eV below the edgec for e
states. The a I states lie lower because thle band states deep in ACKNOWLEDGMEI,"T
the valeonce band that repel them are at lower energy in the We are grateful to the U). S. Air Force Office of &ientific
super.;uice (this light-hole character of the p,, -like-valence- Research (Contract No. AF-AFOSR-85-0.30l, and the
band states cause them to be driven down in energy by the U. S'. Office of Naval Research (Contract No. N00014-84-
quantum confineient of the superlittice). In an K-0352) for thv~ir generous %Lpp'.rt.
A](,,Ga,, As laver. the cation-deep vacancy levels are now
all resonant with the vaulence band of the superlattice (al- 'L, Esaki anI 1. Isu. 111M Res. Now lC21 l6)
though in, bulk Al,,., Ga1,. As they lid in the gap). This isaa1C ~Ar.Pi~

- Lett. 33. 0$5 (1978).mainly !i the band ollset and the fact that. roughly speaking. TFor u mimh of deep level thcoriec.see. J. **- Dow. in iylkIig- qf Con-
the dv% p levels do not move (niuch) whereas the valencc- demed~iaue~r Iivor t *P m't~hin% of iI& Intewniona! Sdhoob'If Phyics
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The~~~~~~~ ~ ~ ~~ neta avcnyi h uko as(suii 4S. 1'. Ren. 3. D. t)w.aid 3. Shen~. Plivs. Rv%. 1338. I~t17T(l~$s8_
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'"Landoli-Oblriistein. In Seniconductera P/tyslkz of Group IV and 111- V approhimvation, the coefficient of a deep defect stale wave funetion at'-he
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We examine the electronic structure of the prototypical semimagnetidc semiconductors

Cdi, MnTo with a combination of inverse plhotoemission, resonant synchrotron-radiation, photo-
emission, and local-denity pseudofunction model calcula0tios We show that the Mn 3d states lie
outside the funidamentalgap, the dt-dl exchange splitting Is 8.3 eV (almost twice as large as. ex-
pected from earlier theoretical estimates),zand that the ground-state oniguration of Mn in the
solid Is primarily (dt)3(st)(pt) rather than U0542.

Thenovel magnetotransport and magneto-optical prop- antiresonance EDC difference curves obtained at Mn 3p-
erties of, ternary semimagnetic semiconductors df.pend 3d resonance-antiresonanco. photon energies. 7 -9 In Fig.
critically on the character and location of the Mn-derived I1(a) we show 0 en example of the first meth'oj for a Cdom.5
d states, which are still quite controversial.'I In this paper MnoA4Te alloy.'10 The binding energies in Fig. I (a) are
we present what is, to our knowledge, the first investiga- referred to the. top of the valence-band Maximum E. as
tion of the excited electron states of a semnimagneiic seti-i derived from a linear extrapolation of the valence-band
conductor by means of inverse-photoemission spectiimco- edge.' In Figs. I1(b) and I (c) we show examples of
py.2 When combined with new photoemission spectrosavo. resonance-antiresonance difference curves for Cdo.sp
py results for the occupied electronic states and new ieIX- MnO.45Te and CdosoMno.2oTe, respectively.'1 The Mn 3d
consistent local-density pseudof'unct .~ calculations for, contribution in Figs. 1(a)-I (c)ives rise in all cases to a
zinc blende MnTe, our results force a reevaluation of dozriinant emission feature 3.5 cV below E,, a low
current ideas about the magnitude of electron-electron bindipg-energy shoulder in tho.0-k,eV range, and a broad
correlation and the electronic configuration of Mn in ter- satellite in the 6-9-cV range. The~resu Its of Figs. I1(b)
nary semimagnetic semiconductors. and; I1(c) are in agreement with thos , of Ref. 8, and the

Our measurements were performed on Cd,,MnxTe relaitively weak concentat 'ndependiince of the Mn 3d
single crystals cleaved in situ following the methodology feaiuresindicates that they motlyzrfihect the unchanging
described in Refs. 1, 4, and 5. Inverse-photoemission Iocal Mr, Te coordination. An interpretation of these
measurements were performed in the brems:trahlung iso- featuies has been ~given in terms-of first prindples one-
chromat spectroscopy (BIS) mode2 at a-photon energy of electron calculations13 ,14 that neglect final-state effects
1486.6 cV with a spectrometer resolution of 0.7 eV. The and exhibit a relatively poor agreement with experi-
photoemission measurements were performed in the angu-! ment, 8.13.14 ,or, using a seiniempirical conIfjuration in-
lar integrated mode and photoelectron energy distribution teraction cluster model' tha* can address the screening of
curyes (EDC) were obtained with overall energy resolu- the id hole, but cannot directly incorporate Mh 3d-Te Sp
,tion from 0.15 (h vW40 eV) to 0.45 eV (h v 120 CV).' hybridization -effects in the initial state.

Two methods can bejused to:.analyze the 3d contribu- We reevaluate here the merits of the one-electron pic-
tion to the valence density of tstates (DOS) of semimag- ture on the basis of our, new calculations of the electronic
netic semiconductors.: they inVo3lve ternary-binary -va- structure of antifferromagnetic zinc blende MnTe. Ex-
lence-band EDC difference curves' and resonance- tended x-ray-absorption fine-structure investigations'Is

~Q 12009 ©1989 The American Physical Society
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3 emiso xindicate that the ground state of MnTe, corresponds toMn 3d emissiot w..45 highly spin-polarized Mn-drifved-conduction states, with
Mn atomic configuration close to (dt)'(s t)(pt ), iLe., the.A Hund's-rule ground state, rather than the customary
(dt ) 5ss ground state of the atom. is

We show in Fir. I (d) the projected 3d density of states
for the ground state of MnTe. The agreement in Fig. I
between the one-electron theory and the photoemission re-

U ., suits is unprecedented for diluted magnetic semiconduc-
tors, and only the broad satellite in the 6-9-eV range is

[ wnot accounted for in the calculations.19
9 To confirm the importance of Mn (dtP(sT)(pt)

o (0) bonding and spin polarization of both valence and conduc-
tion bands, we show in Fig. I(e) the Mn 3d spectral
density of states from a calculation for MnTe in which

'_ 'the basis set and the spin-polarization were restricted
() Mn(dOs)T. l.A such that the ground-state Mn electron configuration is

Thcy close to (d)O(UT)($ ), with some contribution from
the spin-unpolarized configurations (d st)(p),

/' ! (d)U (t ()(p), and (dt) 5 (pl)(pl). The result is simi-
to) Mn(d's)Te lar to that of previous calculations,'. 3 1 but we emphasize

~ ~, that this result does not correspond to the ground state of
MnTe and it predicts a major 3d feature at 2.4 eV that isU'~; ,not observed experimentally, We conclude that the Mn

1electronic configuration in the Cd, =NMr:Te alloy series
t/ is (d st)(pt) ratherthan (dt).

,e 10 1 s ,4 2 o-6. In Fig. 2(a) we show BIg spectra for CdTe and
M*IoI ErM, N(OVA CdosoMno,.oTe in the 0-16-eV energy range above the

FIG', I. (a) Ternary-binary difference curve for t. valence. Fermi level EF. The position of Er at the surface was
band emission of CdossMno,4sTe-CdTe at the Mn 3p.3d reso- 0.62_t0.1 and 0.75± 0.1 eV above the valence.band
nance (hi-0 eV). (b) Resonance.antiresonance difference maximum for CdosoMno.oTe and CdTe. respectively.
curve (W-5O and 47 eV) for CdoMna4sTe emphasizing the Each spectrum in Fig. 2(a) was obtained as the sum of
Mn 3d contribution to the valence band, (c) Resonance- quantitatively consistent spectra fro||, 20 different
antiresonance difference curve (hvy-0 and 47 eV) for Cdow cleaves. ' Charging effects were observcd for all samples
MnotoTe. (d) Theoretical l.projected density of states showing with x '- 0.45. The spectra were normalized for compar-
the Mn 3d character in antiferromagnetic zinc blende MaTe. ison to the CdTe DOS feature at 6.7 eV, "1| and subtracted
The ground state corresponds to & Mn configuration close to from each other in order to obtain the difference curve in
dSsp (solid linc). Broadening with a Gaussian instrumental Fig, 2(b). Results for the x-0.35 alloy are qualitatively
window function (dashed line) facilitates comparison with ex- consistent with those for the x -0.20 Alloys. '111
periment. (e) Mn 3d character in antiferromagnetic zinc blende The BIS spectrun for CdTe is in good quantitri~ve
MnTe for the artificial d s configuration. agreement with the results of DOS calculations by Cheli-

kowsky and Cohen.2' A first st.ucture at about 4 eV orig-
and the ph.)tocmission data of Fig. I indicate that such a inate, from states in the first two conduction bands along
hypothetical compound should reflect the same Mn-Te lo- A anu near X in the Brillouin zone. The structure at 6.7
cal coordination and 3d contributior. to the electronic eV primarily derives from states in low-symmetry direc-
structure found in the ternary alloys. The electronic tions of the Brillouin zone. A double emission feature in
structure calculations employed an r-space pseudofunc- the 9-1O-eV range originates from states in the third con-
tion method in the local-density approximation, which we duction b:;nd at L, and from a combination
have modified to handle spin polarization.3 We used a unit of states from higher bands in the A direction.23' 2' In
cell containing two Mn atoms and two Te atoms, 4 and Cd, -. Mn.,Te new MnTe-related features are observed in
considered both antiferromagnetic and ferromagnetic Fig. 2 at 4.2, 10.2, 12.2, and 13.8 eV (open squares) par-
phases of Mn. The spin-dependent basis set employed tially superimposed to the binary DOS features. Because
naturally allows hypothetical zinc blende MnTe to adopt a of the normalization employed, minima and maxima in
ground state of arbitrary spin polarization in each atomic the difference curve of Fig. 2(b) correspond to binding en-
cell. 16 Our total-energy calculations favored the antifer- ergies vt which the Cd, - n.,NnTe DOS is small or large.
romagnetic ground state with a Mn-Te bond length of respectively, as compared to the CdTe DOS. it is there-
2.68 A (as compared with the experimental value of 2.73 fore reasonable to compare the difference curve in Fig.
A), an indication that the calcul:. - - had converged to 2(b) with the results of our calculations for MI.'Te.
correct physics. We used. 1815 plane waves of each spin in We show in Fig. 2(b) (solid lin;) the to:ul DOS above
our basis set and two special points'I to approximate ,i- EF for the antif,!rromagnetic zin," blende g.ound state of
tegratioi over the first Brillouin zone. The ca!'ulations MnTe. For comparison we also give in Fig. 2(c) th,
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theory and experiment. The ditter-r.ce- curve exhibits a
12 Cd.MJ miinimum at 8.5 cV and two broad maxima in the .0-6.0

und' Ol4e er, ranges-and ir is in somewhe* better
_U 104-t-V

1- x-0.2 agreement .iith the theoretical d-vp curve Iminimia at-6
~ 8and 8.5 cV, maxima in the (3-6) and- 0 0- 1S)-eV ranges)

8. than with the dYs curve [minimum at 6.5 eV. maxima in
.~ 8. ~*ft ~the (3-6)- and (8-I 5)-eV ranges). We emphasize howev-

er, that ane could not kconcluisively rulte out the d's2

- 4.configuration just on the basis of tho. resuir; (if Fig. 2. An-
Z A. gular momentum projection of the DO low stodn

,w 21 a tify the 4.2-cV feature us-primarily M1vn 3d derivcd. The
Z .~ emission features at 10.2. 12.2, andl 3.8 eV are ussociated

- 01To primarily with ,%n p state.. with some admixture of Te p
0Mn(disp) Tocharacter.

S (b) .We emp~hasize that in Fig, 2(b) wve see no evidence of
~ , the Mn-derived states in the gap predicted by earlier

I ~ .~.theories."'' 815 studies of Mn thin films (1-5 A) on
* * t .Cd, -,.%YnTe (Ref. 2:) clearly show d emigsion in- the

~ ,~ , ,Sap. instead, when unreaced Mn is present. We can now
* ~ *'.~ "'estimate the dt-d I exchange splitting from the position of
I, ~ '1the main Mn 3d features relative to the Fermi level, and

; I'obtain 3.5+0.62+4.2-8.32±0.4 eV. Recent Prst--1f. 1-principles calculations ror C4o~no,5oTe alloys"Il predict-
ed a Mn 3dt band -2.S.iV below E,. and a d! feature

~ I :*- ~.within 2 eV of E,. giving a splitting of 4.5 eV that is up-
~ I ~ ~ ~~FiiII,,proximately half' 05) of our experimental value of

L .~' .~.'I~' ~8.32- 0.4 ev and is substantially small'ier than our-new
(CW theorelical value of 6.3 eY. We note that for M~n atoms in

*~Mfl(d s2)TO A ninemtlcs'the experimental splittiny between

majority- and minority-spin states has also b.;,n founa
* larger (50%') than the value obta ned from co~iventional

Earlier semiempirical calculations are in better ugree-

z : ,.xment with the experimental exchange splitting. 2hren-
W i f ~r reich et a/. 2 predicted a 7.0-cY exchange splitting in their

I il 1 tight-binding c~lculations for Cd1,,MnTe, The 5#..fl

OuE,2 4 6 8 10 12 14 18 empirical cluster nmodel9 fixed the value of the Coulomb
6NER~ (eVrelaive E~)correlation energy at about -8 *V, Such a value is inENERC (9Vrelaive o EF 4*'od agreement with our experimental result, and compa-

+1G. 2. (a) DIS from CdTe (filled circles) and table with those assumed for Mott insulators such as
Cdao.otooTe (open triangles). The c~nduction-band MnO, (9 eV)-(Ref. 9) for which conventional local-density
minimum Ec is 0.9 eV above the Fermi level Er for CdTe, 1.2 functional calculations also systematically underestimated
eV for CdavlvnejTe. (b) A differen~ce curve (open squares) de. the band oap and the d t d, splitting. The similar energy
rived from the spectra in Fig. 2(a) is compared with the- result-of position of the 6-9-eV many-electron satellites'9 in
local Llcnsity functional calculations of thic-total density of states d-,M Toad n ithnsetobarflconf
above Er (solid line) for antiferromagnetic zinc blende MnTe. tde similar nd rreistioensen tose materealecio.o
The theoretical spectrum has been rigidly shifted to align the th e s l 3dcreatopnegin thesiose rmatials.
calculated features to the experimental ones. Convolution with Orrslsidct htotcltastosfo h o
a Gaussian broadening function (dashed line) facilitates corn- of the sp valence states to the unoccupied d states should
parison with experiment. (c) Theoretical total density of states invol-e a photon energy of 4.8 ± 0.3 eV in the absence of
for antiferromagnetic zinc blende MnTe where Mn is in the final-state effects. Structure at 4.5 eV has been indeed ob-
artificial low-spin d-s 2 configuration. served in ellipsom.;try studies of Cd, Mn,,Te,3 and

Kendelewicz30 tentatively interpreted structure at 4.5 eV
analogous result for the reduced spin-polarization (Mn in reflectivity measurements as deriving .rom sp- d;'
d5sZ) case. The theoretical DOS is also shown after con- transitions. However. in most recent studiie:,. optical tran-
volution with a 1.5-eV-wkde Gaussian broadening function sitions at 2.2 eV have been interpreted -s interband transi-
(dashed line) to account-for experimental resolution, life- tions from the top of the valence band to the unoccupied
time, and alloy scattering effects, ' In accord with the dI* states.'44.

2 7 or as intra-atomic d-d excitations. 14 and
usunl practice of local-density theory, the calculated total large final-state effects have been called upon to explain a
DOS has been rigidly shifted' 26o higher binding energy presumed discrepancy between photoemission and optical
to align the experimental and the theoretical main results, and photoemission and local-density functional re-
spectral features. We observe a fairagreement between sults. We find little evidence of such a discrepancy in our



results, and suggett that the .interpretation of' theoptical' for Cd, MnhTe, Indiaeaddlxhagsptina-
structure proposed'in-Rots. 14-and 27 shouild'be reeksam- mosit twice si 'large,, as, expected from. earlier'first-

ed npartiulrourisults strongly iupporttihejinter, principles calculations and slupport a spin-pol~riz d~ip.
pretation of the optical spectra proposed by 'Ken4&'l- like ground state forM a in these materials.

30c,~ and indicatethat an alternate explanationzhould
be found forthe optical structure at lower energy. In this This work was supported in part by the Office of Naval
connection we mention that-Larson et a0.3 recently con- ReseArch and by U.S. Defense Advanced Research Pro-
tended that the optical structure at 2.2 eV could be alter- jects Agency. We thank JXK Furdyna for providing the
natively explained in terms of standard (ni--%-d-rolated) crystals used in this study. The assistanice of the staff of
interband transition, or Mn 24 excitoniclike excitations the University of Wisconsin Synci rotron Radiation
that do not appear in the band-structure results. Center, a National ScienL."-FoundatioJ facility, is grate-

In summary, inverse anld resonant photoemission results fully acknowledged.
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A st ructure-modulated superiattice is a lay-.red material whose altdrnate layer-s 4re composed-of
materials with different crystal structures. Structu -rim6dulafed sulperattices car-'be -fabricated
which have no compoqition modulation- for examole, the zinic-blende-wtirtzitt US$ semiconduct!
inig superlattice. We present a theory of such zinc-blende-wurtiitestructure! 6duaed suprrlat-
tices, and find the following for a n Orest -neighbor tight-binding model wi th-idcal wurizite c/a ra-
tio: 6I) The fundamental band gap of thc superiattice'_eqquals those of~both the zinc- ble.nde and the
wurtzite parent structures; (ii) ir the superlattice growth direction, the di -spersion relations E,(k)
for the electrons and holes are the same as in~the parent mraterivis; (iii) in directions perpendicular
tv the super]attice growth direction, the superlattitc dispersion re lations E,()lenear thtos;e-of the
parent zinc-blende and wurtzite materials, and (iv) deep-level energies are almost thc s; :nc as in the
parent materials. The zinc-blenie -wurtzite superlattice is esp.-tally interesting, bcCat;e~theinter.
face between zinc-blende and wurtzite structures is ambiguous.

L INTRODUCTION

Man-made superlattices fall into three bitegorii&, (i
composition-modulated superlattices such as. z&.
GaAs/zb-AIAs (where the prefix "zb.'!Ain icates zinc-
blende), (ii) structure-modulated superlattices such as zb.
CdS/uw-CdS (where "w-" denotes, wurtzite), and'(ii) conP-
bined composition- and structure-modulated superlattices
such as zb-ZnTe/w-ZnSe.. To date,i iost research hasfo,-
cused on composition-miodulated superlattices. Hlere we A,
present a theor) of zinc-bleride- wurtzite structure-
modulated superlattices, which are :iow N'-zinc-blende direction and the wurtzite c aiisl. its~l
known that numerous JI-VI compound semicontdc~tors, A -8 C D E T G H I J X L
such as ZnS, ZnSe, UdS. and CdSc exhtibit both zinc- Cd S CdS Cd S Cd S Cd S Cd S
blende and wurtzite bulk crvst... siructures.2 and hence :b- -- w-----
are candidates for fabri.-ation of zinc-bliide- wurtzite su-- - - - w-
perlattices. Dilute mactietid semiconiducto r alloysuc-- b
as Zn_ 1Mii.S and Znj.,?v~nSe. ;ire also poteh.$tl con-
stituents of zinc-blende-Wurtz ite st;.-erlat tices. H-ere we FIG, 1. Illustrating thc stro.ctune t! a 2 X 1 zinc-
treat the case 6f the UdS zinc-blende,-% urtzite structure. blend-wurtzite structu re-modulated CdS supedattict, with the

The zinc~blende-wurtzite buperlattice has t particular- peido w aeso rcblendeano Ier utzt
ly interesting top(qloeical feature r' tha: it does pot con-

- uamb~tos ntefac b~eet te inchi:d- strucure. The large (smail 0--notc- Cd -(S),atoms. Thetarn An unm.tositraebtentezn.b.d: atomic planes art, labcled .4 -L.' ith alternating plan-., contain-
and wurtzite slructures. For examptc, in Fig. Lone rhay' in Cd tot S atoms. Tit; ._-ribigui-v cf the zinc-

scict heWurzie :ye asexe::in eihe frm lan~E blefnd.-wurtzitc interface is ii~xnby notinu various
to pi-rte 1, orvfro'n. ;)lane 'G to piane K. o~r from plane 11 different layers %icli can be consider-t to b. zinc..nde (zb)
to plane L. With zmy of these choices. tit- layer or wurtzite fu-1. K-.: examfplc. plantes .-i -E to,- C-G, or D-11"
thicknesse, of, the- wurtzite laver and the zinc-biende, layT can beconsidered it he zine-blende. while E-I (or G-I.. Vr
er are the same. H -L; can be cons~dered to be wurtzite.
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-11. FORMALISM -nates is-iakefi. to ~beit a, S at6in the',x and y axes are
A. Host Hitmiltonian oriented~such th~i a neighborinigc..-on is at (1., 1, 1)aOL,

The gro Wth direction ofobi CdSzinc-blende-wurt-zite weeLi h atc o~at f:ian~lnesrc
- ture.

superlattice is defin'ed-,as-the direction "Y" and is assunfied
to coincide with the zinc-blende 1111) direction aiid the edscbeh ecrIc iu.~ -;anaet

wurtzite c axis. The, orthogonal-,directions "1 " and 3 n1~ibr -ih~idn a~loia.A ahst hrcorrespond tothe. zinc~blendej42'110and [-..T -S arfusYa, obtl nLv 1 )wee, or

respectively. The superlattice we c4o nsider has N ft- two. , 2 ... , A,Nb + 4A" -l. (eas hei
atom-thick layers of zinc-blende structure and N *four- cnutre.;btn ohw~tit n ncbed

-structutes-also. .iive large dir--ct-gaps, it is not necessary
atom thick, layers of wurtzite structure repeated, periodi- -iemlyaextds'aSsoialtechie.uh

cail; te znc-lend an wutzie stuctresareas- an orbital is useful for obtaining th- indirect conduction-
sumed'to be, perfectly lattice matched. -We-.denote -this b-.nd edges f~und in indirect-ban_.%p semiconductors.13)
superlattice as an 'N~b X N,, zincrblende-Wvurtzite super. In -terms of these orbitals we formn the tight-binding orbit-
lattice. ,IWe first define,,a superhelix or stipercell as a helical as

'string with 2N~b adjacently bonded atoms of zinc-,blende- 11,k=, x~kL+i e n ~p. 1structure, with its axis aligned along the [IIi direction, Ln1.)N"~x~k.~kvnLv 1
and 4N,, adjacently bonded atoms-of wurtzitestructure
with-its axisaligned along the wurtzite-c direction, con- where k is any wavc vector' of the superlattice flrillouin
sisting- of S, Cd, S, Cd, S, Cd, ... , S, Cd. The center- of zone. Here A', is the num'ber of supercells.
the helix is at L and each of the atoms of the helix is at The minizone wave vector is a good quantum number,
position *L-!vo (for, i3:O, ,2... , 2Nz~ +4NAw-d,). A su- and so the tight-binding H-amiltonian is diagonal in k.
persiab of zinc-blende--wurtzite CdS-consists of~al-such Evaluation of. the matrix elements (n,0,k'Win'0k)
helixes with the same v'alue of L3 -and all 1possible leads to a-tight-binding Hamiitoifan of the block tridiag-
different values of L, and L,; and the superlaitice is-a, anal form. For different 0 and 0', the first three rows of
stacked array of these supe3 slabs. If the origin of coordi- block matrices are

HMOO) H(0,1) 0 '* . 0 H(, 2 \'b+-4 N-)

AjtOM 11(1.) H0.,2) 0 0 0 0

o 1 1t(1 ,2 ) H1(2,2) H1(213)- 0 0 0 (2)

The last row of blocks is

H'(0, 2YlVb + 4N,',. ) 00 .. 0 H(2N,,b+ 4,Nlw-2,2N,6 +4.W - I) Y (2NV-. i4A,, -~ 1,2A~ + 4N.V - 1) (3)

Here H (fl,0') depends on k and is given in terms of vari- There are several distinct cases for which the off-
ous 4 X4 mutrices for different n and n~'. diagonal (in P3) matrix elements (n,fl,k.H~n',,3',k) are

The diagonal (in.6J 4 X,4 matrix, 11(0.9) at site 13, is nonzero (for P=EOi.
E~0 0 0'

o CP 0 0 1. Zinc-blendc intrastruclurc matrix elerrents

(R.,) =(n~f, kH I',fl W -0 P 0(4) If j3 and 1Y' both refer to nearcst-neighbor sites in the
o 0 6'- zinc-blende structure, we havc, for example,

where the energies e, and c- -n If ('13,13t are the atomic en-
ergy levels of the s and p states for the atom at the 8th tnl1Hn,'k)=!l,.,.
site, and nw.- be obtained from -tabulated parameters.~
Fi~r a pure atructure-modulated zific-blende-wurtzitesu- if J3 refers to a cation and 03' reer, -o an anion.
perlattice, ',e take the valence-band offset to be zero. is a 'tX 4 matrix w'hose rows an~d columns are labeled by nt
That is'to say, the cations and anions are assumed to and nt', which runge over the values S, AP, p,, and pi:-
have the zs~me values of e, am: i. independent Of whether Similarly we have matrix e!%ments "abc.b These ma-
they le in a zinc-blende !ayer or a wurtzite layer. trix elemdnts are



fCO Y1 -CO 4  -CV 4  -COV 4  V 1 = (s,S),

c.hO~z CV 5  C) Y, COv V3 v CO . (6) V1  V(x,x)
C()v5 CO Y3 CO Y2 CO V3V

3 = V(Xly)I
CO0 V5' CO V3  CO V3  CO V2  4=VSPCI

Here we have CO go*, where we have 4g 0 = exp(ik-x0 ), and
and XO=(OL /4~)( 1, 1, 1), with OL b-!ing the lattice constantVs=Vcpa,
of zinc-blende CdS. Here k is the wave vector. In addi- ~ c~a
tion, we have in the notation of Vogl et al., 3and

V, (g I +gz +g 3 ) V4(g1 -g 2 -g 3 ) V4 (-g 1 +g,2-g 3 ) V4 (-g 1 -g2+93 )

Hzbcz= - yi(g1 -g 2 -g 3 ) 2g, + 9~+3) V3(-g1 -g 2+g3) V'3(-9 1 +g2-9 3 )(7
' 4 .b~~zb - 5( -g 1 +g,2-g 3) N/(-g 1 -g2+9 3) V2 (g 1 +92 +93) V3(g1 -g 2 -g 3 )(7

- V5( g1 -g.+g 3 ) N(-g,1+g 2 -g 3 ) V3 (g1 -g 2 -g)0 V2 (g1 +g,4+g3 )

We also have per we assume that the wurtzite is ideal, with the same
4g, =exp~-xj)bond length as its zinc-blende partner. As a result, the4g~ep~ikx1)wurtzite matrix elements, in a r zarest -neighbor tight-

4gz exp(ik-x 2) ,binding model, are related to the zinc-blend? *natrix ele-
ments, as follows.

and If /3 and fl' both refer to nearest-neighbor sites in the

4g 3= exp(ik-x 3) , Wurtzite structure, we will also have

with Y , '-(L4)(l, - 1, - 1), x,=(aL /4)( - 1, 1, - 1), and (IkHn'/,)H .0  (8)
x3= aL/ 4 )( -- 1l.All of the matrix elements Vare
those tabulated4 for UdS. Similarly we have matrix elements These ma-

trix elements are
2, Wurt.-ite introstructure matrix elements

CO Y1  -CO V4  - CO V- - COV,
The wurtzite structure has an exact hexagonal symme- CO VS CO V2 CO V3  CO "'3

try, and an approximate tetrahedral short-ranged symme- a, 0 CO c5 CO c3 COV, c0) v3 9
try: every atom is surrounded by a near tetrahedron of
four atoms of ihe opposite species. The nearest-neighbor IC0 YS CO Y3  CO V3j CO Y2
geometry is tetrahedral if the wurtzite structure has the
ideal c/la ratio (i S/3)I/: = 1. 633. In the ideal limit, the Here the CO and V's are the same as defined before. This
funidamental band gap &f the wurtzite crystal structure is form is exactly the same as in (6). For the wurtzite szruc-
the same as for the zinc-blende structure.5 Most wurtzite cure we have two different forms of because
semc',nductors are very close to the ideal limit; for ex- there are four atoms in each unit cell (as opposed to two
ample, CdS, CdSe, ZnS, and ZnTe have c/a ratios of for zinc-blende); one is the same as in Eq. M7 and the oth-
1.63?2, 1.630, 1.641, and 1.637, respectively32 In this pa- er is

V4g g - 6  4( -59 4 9g5 -g6 )/3 V4(94 -S59 5 +g_9)/3 V(g. +g -5g,,)/3
-V5(-5g 4 --g5+!_.6)/3 V1 1 g4 + V11(g5 +gt) - V31 (g4 +g 5 )+ V3Zg1 - V3 1(g4 -+g1)± V3.g5

YS 94 59 -9)/3 - V 31(g 4 0g3 )-V 3 2g,, .11 g5+_ Y.1' (g4 96) -V3(5_gb+3.9

-Vd4+9 5 -5g,,)/3 -V, 1 (g4 +:g6 )-V 3 .g5  -V 3 1'(g5
4 -g0 )+V 32g4  Vl 1g,,- -P'-(" 4 -g5)

(10)

Here we havu
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V21 =(2 5 V,,, 2 VT) /27 = (x, x) + L V (x,y),

V22 = ( VP 0 + 26 V ) /27=V (x, x) - V (X,Y) ,

V 31 = 5V(x,y) /9,

V3 =V (X,y)/9

494 =exp(ik-X4 )

4g5 =exp(ik-xs),

and

49 6 =exp(ik'X6)

We aso ave 4=(L/4-.~.+,4, x(aL /4)(1. - 1i,L), x6 = (a~ /4 )( .L, ., - .1),and parameters V which are those

tabulated 4 for UdS.

3. fnterstructure matrix elements

The fact that the location of the zinc-blende-wurtzite interface is ambiguous means that one must MI develop a for-
malism that treats the interfacial matrix elements the same, independent of interface choice, and (ii) select a specific in.
terface for a particular calculation. There are two distinct forms for Hamiltonian matrix elements connecting one atom
in the zinc-blende structure with another in the wurtzite structure. They are

V1 (g1 +92 +9 3 ) V4 (g1 -g2 -g3) V4 ( -g1 +92 -g3) V4(-9 1 -g2 '-93)

H., V.5(gN9 -g2 -g3) V2 (g1 +92 +9 3 ) N3(-g1 -92+g0 V3( -g1 + 2-g3)

Ha~~c2b -V$(91+92-9 3 ) N(-g 1 -g2+g10 ;Y9(1 9g2 +93) Vl(g -9 -93)

-N(-g9 -g 2 +9 3 ) N3(-g 1 +g 2 - 3 ) V3(g1 -g 2 -g 3 ) V,(g I+gz +03

and

-V 5 (C1 -C,-C 3 ) kY(C,+ C1+C 3 ) V3 ( -C 1 -C' CO ) 3 -C1 + 2CO

SV5(-C 1 -C2 +C 3 ) ;'3( -C1+C,-_C 3) V31C1  C .- CO) V.1(Cl +( CO)

In the limit Nlb=0, this Hamiltonian reduces to the S (E'-H)dE
Hamiltonian of Ref. 4 for bulk wurtzite material. In the deif G (E);' =0~ = Le. I - E- ' V
limit N.= it becomes the sp . zinc-blende liamiltoni- -'

an.3.6 Values of the parametei, for this Hamiltonian can (3
be taken from Ref. 4 or 3.

In this work we study electroic structure- for superhel- He -e Vis the defect pa,.crti~ matrix,' which is zero ex-
ices as large as N,t,+2A',. =20 ; that is, in 40-atom-thick cept at the defect site vind diagonal on that site
superslabs. The dimensio., of the Hamiltonian matrix at (11 S. -' ". 1 V P ) in t:e SP 3 l- .J basis centered on each
each value of k is 4 (2N,, + 4N,.). because there are four atom. We also have G =( -- H)- . where H is the host

orbitals per site. We diagonali~e this Hamiltonian nu- ti~rtt-binding Hamiltonian ?erator. The spectral density
merically fnr each k, finding its eigenvaltics E).ki and, ii operator is & E - H) and- P denotes the principal-value
necessary, the projections of the eigenvectorS l',k) o integral over all energies For energies E in the funda-

the In,[3.k) hybrid basis: (n.,l,kly,k). Hlere y is the mental band gap of the superlattice, G is real.
band index (and ranges from I to 160 for Y, =2N,,, = 10) A substitutional point defect in bulk zinc-blende CdS
and k lies within the superiaitice mini-Brillouin zoe nas tetrahedral (Td) point-groo'p symmetry. Each %uch

s-an:-d p-bon~led defect normni-l,'% has one v-like (A 1) and
BI. tDeep hvels on, inply degene! ate --like 7'.) deep defect le'el near or

in the fundamentdi band gap. if \ke imagine breaking the
The theory of jekep ~cJ.is based kin the Green's- s~mmetr\ of bulk zinc-blend., CdS b\ making it into a

function theurN of Hjalmarsun el of.,' %%h~ch sol~es the zb-CdS, zb-CdS superleatice along the [Ill1] dire:tion. %%e
secular equition fur the Jeep-level energ) E redi'ce the T., s~rnmetrN to C3, . A substitutional point
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defect i r bulk wurtzite ltdS also has C3, point-group G(e;E)=V' (14)
symmetry, and so in the zinc-blende-wurtzite superlat-
tice and s- an~d p-bonded point defect will have C.1 sym- for e levels, and
metry as well and will produce two a, levels (one s-like,I
derived from ihe A; leve -,ad one T,-derived p, W -. G (s,s; E) V -I G (s, o,;E)V
and one doubly deg~nerate e' level (p.. like). det G(a,s;E)V1  G (or a; E) V, -I =0 (15)

The sec~ular equation, Eq. Q(H), is reduced by the C3,
symmetry to the follm' -ing two equations: for a, levels, where we have

G(e;E)= 7, (py,f,klyA) -(p.,3,kf y,k)1 2/2(E -E,.k) (16)
y. k

y. k

y, k

and

y, k

Here G(a,s;E) is the Hermitian conjugate of G(s,oa;E) blende- wurtzite superlattice structures are physically in-
and 3 is the site of the defect in the superlattice. distinguishable when viewed only in the growth direction.

For each site 6i the relevant host Green's functions, The differences in three structure!s 'ecorne anparent only
Eqs. (l)(9,are evaluated using the special points whc-. viewed along directions deviating from the growth
method,3 and ,he secular equations (14) and (IS) are axis. Therefore, for wave vectors k corresponding to
solved, yielding E(e;V,) and two values of E(ai;V.), the growth direction, the dispersion relations E,,(k)
and E(-?1; Y,). *rhe defect potential matrix elements V, and effiective masses are the same as for the constituent
and V., can be considered as the same as the defect poten. zinc-blende and wurtzite materials. Hence zinc-
tial in the zinc-blende structure. biende - . urtzite superlattices made from direct-band-gap

zinc-blende and (ideal c/a ratio) wurtzite materials are
III, RESULTS AND DISCUSSIONS also direct-band-gap semiconductors with the same value

of the fundamental gap at the r point of the Brillouin
A. Superlattice band structures zone as the zinc-blende and the (ideal) wurtzite bulk ma-

terials: 2.60 eV fo' CdS. (Note that c/a for UdS is 1.632,
Once the Hamiltonian is defined, the superlattice band only 0.05% different from the ideal ratio of

structure E,.k is determined by diagonali~ig it for each (8/3)""= 1.633; hence the approximatuon of an ideal
wave vector k in its Brilouin zone 9 (Fig. 2), which is the structure should introduce only small errors in the band
same as the wvurtzlite Brillouin zone. except that the F-.4 structure, of order meY, the same order as found for
length is reduced by a factor of 2 /V~b+ 2 N.). InN.10 ) The lo %-est superlattice conduction band, as corn-

Provided the wurtzite structure has the ideal c/a ratio puted in the present model, is displayed for the 2 X I
of (8/3)i/-, the bulk zinc-blende, bulk wurtzite, and zinc- zinc-blende-wurtzitt superlattice in Fig. 3; correspond-

ing results for the highest valence band are given in Fig.
4. In the F - A or (Ill ] direction, the dispersi,n relations
EWk are the same as for the zinc-blende or the (ideal)
wurtzite bulk materials, but in the 17-A, or [2, 1,1]J
direction and the r-K, or [01,1], direction the superlat-
tice band 4structures deviate slightly from the bulk elec-

I A ronic structures.
L K ~~A auasiparticle's rc,;ist.-nce to accelerat o ya p

- - - ----'plied electric or magnetic field is determined by its
effective mass. In Fig. 5 we display the calcuzlated
conduction-band and valence-batnd effective m~asses in the
r-,A, r-Al. and F-K symmetry directions, %ersus layer
thickness of the su'.erlattice. In our model, the
conduction-band effect ive mass is unchanged in the su-

FIG. 2. The Brillouin zone for the 2X zinc- perlattice, because the lowest corduction band is nonde-
blende-wurtzute structure-modulated superlattice. generate and its effective mass is isotropic for both zinc-
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6.0 Conduction-Band Structure CJ

3.0.............--

5.5 / -. *....-*-VALENCE

0--------------------------------------
5.0C< 2.0

> Mb

4.0 Lt.0
W

CCNDUCTIX'1
3.5

0.0,
0 10 20

3.0 ZINC-8LENDE THICKNNESS Nzb

2.5 _______ _______-_______ FIG. 5. The calculated reducel effective masses m */m o of
M r K r A the valence and conduction bands of a N~bXA'W zinc-

Wave Vector blende-wurtzite superlattice in the r-.,, (solid), P-M (dashed),

FIG. 3. The calculated lo'7est conduction-band srcuein lyrthickness Nib, with Ni,- 2S,= 20.
the three symmetry directions, r-A, r-M, and srucftesi adP- (otas hirconasfcinsfzncbnd
2 X I zinc-blende-wurtzite superlattice (solid), bulk zinc-blende
(dashed), and bulk wurtzite (dot-dashed) CdS. Note that the those of zinc-blende. The zinc-blende mass is anisotropic
three are the same in the P- A growth direction. (because the valence-band maximum is triply degenerate

and zinc-blende is a cubic structure) while the wurtzite
mass is isotropic. The isotropy of the wurtzite valence-

blonde and wurtzite structures. The valence-band mass band mass is due to the combincd effects of the lower
of the superlattice in the r- A growth direction is in- sym metry of the wurtzite structure ana the ideal c/a ra-
dependent of 1h'yer thickness and is the same as in either tio. (For an ideal c/a ratio, the wurtzite valence-band
zinc-blcnde or wurtzite CdS. However, in the directions maximum is triply degenerate, but for :nonidleal c/a it is
perpendicular to the growth direction, the valence-band nondegeneiate with a doublN degzenerate band slightly
masses change from the effective masses of wurtzite to below it.)

B. Deep impurity le~els
Valence-Band Structure in zinc-blende -wurtzite s- perlattices

1 Deep impurity levels are evaluated using Eq. (13) with
the- relevant parts of the spectral density operator

-0.2 6(E'-H) expressed in terms of the Green's function
(W6-0i9). Since these Green's functions depend on the
superlattice band Structure, which differs only slightly

'.\ -0 from the bulk zinc-blonde or wurtzite band structures,
the deep-level energies in the CdS zinc-blende-wvurtzite
superlattice are virtually the same as for the same substi-
tutional impurity 'n bulk zinc-blende or bulk wurtzite
CdS.1' Hence -.'iallow-dleep transitions as the layer

tikessvary 12 are not to be e~xpectedl for impurities in
zinc-blende-wurtzite superlattices.

C. Long-ranged versus short-ranged order

10-______ .____ Although the buH., zir:,c-b!X:,Ce and ideal-wurtzite
14FK r* A structures are very different Mihen %te\\ed at long range,

Vave Vector their short-ranced orders are both tetrahedral and identi-
FIG. 4. The ca, Jzitej nIiitnst %alence-band structures in the cal (up to second-neares, neighbors!, This short-ranged

three symmetry die .. r. - , r-M, and F-K, of the 2 X I order leads to electronic siruntur s of the two bulk ma-
zinc-blende-wurtz,-. -. t so.Ad), bull, zinc-blende terials that are almost idenitcal, and to a zinc-
(dashecd, dnd bull. %%ur-..ie io-dasiieaj CdS. blend,--wurtzite superlattice eiqxtrunic stru~.ture that is
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almost the same'as the bulk zinc-blende or wurtzite elec- significant differet,crs in the long-ranged Coulomb forces
tronic structure. Clearly the short-ranged tetrahedral of zinc-blende and wurtzitc structures, which should be
bonding, rather than any long-,anged zinc-blende, wurt- reflected in the phonon di~pe:sion curves.
zite, or superlattice order. is dcminant in determining the
electronic structure. While :he concept of a structure- IV. S'. MMARY
modulated superlattice is interesting, and the topology of
the ambiguous zinc-blende-wurtzite interface is exciting, The calculations presented here are, we believe, the

the practical con equences on electronic structure of first calculations of the electronic structure, o, structure-

growing such structures seem to ,e limited to introducing modulated semiconductor superlattices. We hcp, that

small anisotropies into the dispersion relations E,,(k). In this work will stimulate efforts to grow sucl, interesting

particular, such superlattces offer the possibility of intro- artificial materials.
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Local-density pseudofunction calculations of local Ile-Te. local Cd-Te, and w -rage bond
lengths in Hgo.5Cd0.,Te are reported and computed with data and with other theories. Our results
agree with extended x-ray-absorption fine-structure data and a phenomenological strain theory
which show that the perfect compound-crystal bond lengths are virtually conserved in the alloy, but
conflict with previous theories which predicted large bond relaxations away from the average bond
length. The calculations imply that charge transfer.front Cd to Hg is quite small in these alloys.

1. INTRODUCTION constant than HgTe. In 1985 and 1987 Sher et a0. and
Hass and N':anderbilt3 presew ed theories proposing that

Vegard's law for pseudribinary ternary alloys such as the local bond lengths relax auia * from the average in
Hg1 ...,Cd.,Te svtes that 1L.e verage bond length d,, WX, HS- C.Tc. Recently, Newman et a/. have developed

as eaure b xraydifratin,.'aie liealyas fnc a phenomenological strain theory for pseudobinary ter-
tast ofsue a lo aycoposit i , re inal s u nary alloys and applied it to IIl-V alloys. In this paper

we evaluate the theory of Newzr'tn et al. for
aaI(x)=(-xdisT(O)+xdCdT,(I) }Igt..,CdxTe, and find that it predicts very small bond

Herethebondlenthsd ar reatedto he orreponing relaxations toward the average.
Herthi e bondst ents d are reat e omth ca corres oin Thus there is a clear-cut disagreement among the

lattice ~98 costnt L y eoetriald fctor theonsts concerning both the sign and magnitude of the
d(x)=V34aL(X)- In 198 Mike an Ioye local Hg-Te and Cd-Te bond-length telaxations in
showed that the local bond lengths (or nearest-neignbor HgI.1,CdTe alloys. On one hand, Sher ei al.,2 using a
distances) in pseudobinary alloys. as measured by extend- tight-binding theory, and Hass and Vanderbilt,3 using a
ed x-ray-absorption fine-structure (EXAFS) spectroscopy, norm-conserving pseudopotential method. have both pre-
do not obey Vegard's law, but instead are nearly con' dicted that the local Hg-Te and Cd-Te bond lengths,
stant. As applied to Hg1 ... CdTe, the Mikkelsen-Boyce dH;Ttx) and dCdj-,(x), UPi are significantly diffierent in the
result for the local Heg-Te and Cd-Te bond lengths x=0.5 alloy (by -0.03 A) from the J-2rfect-crystal limits
dHsT,(x) and dCJT,(X) wvould be dHjsT()= 2 .7 96 A and dCdjrI)=2 .8O6 A, and (ii) reia'.

dCdT (X)= 1 x)dCdT, (0) +xdCdT, ( 1) away from one another as a function vf alloy compusi-
tion. T"hat is, in the ahoy we have, according te these

and theoricn., dj,. 0 < dHST,(Ci and dC.,;,x I> d~d, I '- Oil
the ou:jr hand, the model of Newntitn et al."4 whizh uses

di,(x)=(I -x idlgT,(0)-rxd HgTe(I) a phenomenological strain theory, implies that the bond
where dCdT,,101 and ditTC(l J have the ph% si,:al interpreta- lenv: ar, almost unchanged in the allo% and relax
tions of a Cd-Te impurity bond lengil in HgTe and a sltghtly toward one ..nother. The predictkuns of the New~-
Hg.-Te bond le-neth in CdTe. In a firs: approximation, man theory are given in Fie.. 1. While ;lie condusion of
these bond lengths are unaffected b) the allo%. Newman et e,. conforms wth the in~uiie expectation

C. ~that bond lengths in the ahoy should relax towart' the
dCdT,(X):--dCdTC( 1) averace. the Newman theory is lacking the essential ele-

and ~ment whlich Sher et al. and Hass, and *\ xjideibiht point it
and as b~eintg responsil~e for the countern- itive relaxa.ion,

dHSTCx)~dnT~Oiname!) charge transfer in the alloy fromt Cd to Hg. Such
dHSTX)=:dSV'01chartie transfer alters the Coulomb f-aces between ions

M ihkelsen and B~oyce. who studied Ill-V allo.s, did find and .iuld totttract bond lengths that would otherwise b-.
deviations from this first approxiniation N"hich were expe..icd to expantd. Howvever, both theorie,. wvhich pro-
linear in alloy composition .\, normally \%ith the property pose relaxation av~: % from the A±'vrage 1,i'e employed
that the local bond lengths tn thu allo\ elax\ed toward the ph,.njumenological non-self-t onsiste-t: repui\e po-crntialis
average. This idea, applied to Iig,_.CdjTe, would have to simulate the effi. , of d ard core clectrons and it) pro-
both the Hg-Te and Cd-Te local boilL lengths ecxpand- duce (by contstructtoil) the obker~d ~o~lengths in the
ing with increasing x, because CdTe has a lare.r lattice x=0 aitd I perfect -cr\ stal limits. It it, coiice,~able tha.-t

41 7744 &1990 The Anieri".i. Phyvsical Societ%



41 THEORY,,OF LOCAL B#I,0ND-bDLENGTH( RELAXAT!OININ... 7745'

2.810 2.85

AF
!r -- -- - -- ----- ? .. ..

o? 2.805 . z
I. s 2

C 2.800 . . ..

LFFC 28-------- ----------- - - - - - - - - - -.. .. . .. . . . . 2.1 -,... ............ 4 ....................
0M 2.795

2 .7 9 0 
c' 

'os 
A

0.0 0.5 L .0
HgTe Cd concentrotion x CdTe

FIG. 1. Calculated Hg-Te bond lengths (squares) and Cd- 2.75 ' 0
0,5.0.

Te bond lengths (pluses) in the Hg-,_CdTe familyof com-

pounds. For x =0 and 1, the bond length is that to the zinc- HgTe Cd concentration x CdTe
blende compound; for x =., the ordered compound is luzonite
(L) with three Hg-Te bonds for every Cd-Te bond, or lama- FIG. 2. Calculated local bond lengths dH$T,(X) and dCedT(X)
tinite (F) with two long and one short Hg-Te bond(s) for every in Hg-, .CdTe, vs alloy composition x (solid lines), assuming
Cd-Te bond. A similar result holds for x -For x =, the straight lines defint-d by d ~,.t0.5), d1,1 cMtO), dcd1 ,(0.5), and
(001]-oriented superlatz;ces (S) and chalcopyrite (C) com- dCdT,(I). The dashed lines represent the measured perfect-
pounds have equal numbers of Hg-Te and Cd-Te bonds. The crystal bond lengths dHtT,(O' in HgTe and dCd,(1) in CdTe, for
solid lines are the values to be expected within the alloy, inter- reference, The EXAFS data are from Ref. 6. The phenomeno-
polated from the crystallite values, as discussed in Ref. 4. The logical .strain theory of Newman et a/. at x = is displayed as
dashed lines represent the perfect-crystal bond lengths of Hg- pluses. Note that the present theory and the Newman theory
Te and Cd-Te, for comparison. (Cd-Te has the larger bond are consistent with the data. The theoretical results of Sher
length.) et a/. and of Hass and Vanderbilt are denoted by squares and

triangles, respectively.

II. EVALUATION OF THE NEWMAN THEORY
these phenomenological potentials have obscure unphysi- FOR lg1 _. CdTETR

cal features which inadvertently produce the large and
anomalous relaxation of the bond lengths away from the The Newman theory models the alloy locally at select-
average in the alloy. ed compositions x in terms of microcrystallites. For ex-

On the experimental side, the recent EXAFS data of ample, famatinite and luzonite crystal structures corre-
Bunker et al. 6 indicate that the Hg--Te and Cd-Te spond to local alloy compositions x = and t. The
bond lengths in the Hg1 .._Cd.Te alloy are changed very strain energies of these crystal types are expanded to
little, if any, from the perfect-crystal values, and appear second order in the bond elongations and the bond-'ngle
to be consistent with the predictions of Newman et al., distortions. with the coefficients of the expansions deter-
but not with those of Sher et al. and Hass and Vander- mined b% elastic-constant data, similar to a Keating mod-
bilt. (See Fig. 2). el. 9 The results of this theory for 11 g.I-,CdTe are given

On the theoretical side, there is a clear need for a in Fig. 1. Details of the theory can be found in Ref. 4.
local-density-theory calculation' accurate enout:l to pre-
dict the x=0 and I perfect-crystal lattice constants and III. CALCULATIONAL METHOD
to address the question of bond-length relaxation in the
alloys. Such a theory should treat all of the atom-atom All of the essential pih%.ics of this problem is hn.-ar in
interactions self-consistentl) on a first-principles basis. alloy Lomposition x, and so the issues inoived can be

In :',,s paper we present local-densit)-theory 7 calcula- resolted at any single compostton %%e choose tother than
tions of the bond kngths in the strne Hg,.Cdo.Te micro x=0 or 1). Three natural choices present themselves:
crystal model of the alloy as used by Hass and Vander- x =0.5, x - 1, and x -0. The latter t'mo choices corre-
bilt.' We implement the calculations using the psu- spond to the single-impurit limit. Mhere the issue be-
dofunction method." Unlike Hass and Vanderbilt, %%e comes "is the bond length of a Hg itmpurity in CdTe
treat the outermo * d-shell electrons of H- and Cd as significantly smaller than the perfect-cryst, Hg--Te
valence electrons, on the same footing as the bonding s bond length, despite the fact -hat CdTe ha, a larger lat-
and p electrons of Hg. Cd, and Te; thus we have no need tice constant than HgTe?" or "is the bor.2 iength of a Cd
for a pheii.nenologic. 1 potentiJl to simulate the effects impurity in HgTe stignfican:l) larger : an dcdT (1)?"
of d electrons and c n address ditectly the controversial Ho'keler, it is slightly mere convenient for us to aeter-
issue in a c- ipletely a priori self-consistent model: Does mine bond lengths theorc, .,tij% in the .x=0.5 microcrys-
charge transfer lead to major relaxation of the bond tal model, which also,:lXf'- .- direct comparison with the
lengths in :he alloy away from the average bond length? work of Hass and Vanderbilt and Sher et al. Hence we
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consider the bond 'engths in Hgo.Cdo.Te. 6.480 A [dcdr1(1)= 2 .S0 6 A] measured at room tempera-

Our calculations are based on Iccal-dcnsity theory7 and ture. 's These lattice constants were obtainco by fitting

'.e pseudofunction met'iod.8 Local-density theory gen- calculated total energies versus unit-cell volumes to

erally produces reliable changes of total energy, and io Murnaz)ian's equation of,,tate, 19

can be exj.:cted to 're..ict structural properties. Its abili- '7,

ty to predct band ,aps and conduction-band struc-turs is E( V)= (Bo V/Bo)[( Vo /V) 1 +Bo- I ]/(B - I)

well known to be ;uspect, however.1° The pseudof',r-

tion implementatin of local-density theory has worked +const.

very well for a n:mber of problems in semiconductor Here, Vo is the equilibrium volume; Bo is the bulk

physics: 't yield.:d a bond length in bulk Si only 0.5% modulus and B; is its derivative.
different from the experimenta! value and a bulk modulus Our calculated derivatixes of the bulk moduli B0  ith
and its derivative with respect to pressure very close to respect to pressure, B;, are in good agreement with avail-
the experimental ones."1 It correctly described the able data, being 6.85 for HgTe and 6.70 for CdTe, versus
Curie-constant data, 2 photoemission measurements,' 3  6.4=0.6 measured at room temperature'0 for CdTe. We
and inverse photoemission spectra'3 of Cdi..xMn.Te find bulk moduli B o of 0.64 and 0.47 Mibar for HgTe and
semiconducting alloys. And it correctly predicteil that a CdTe, compared with experimental values of 0.42 Mlbar
monolayer of ptassium on the Si(001)-(2X I) surface 4  ,at room temperature) (Ref. 21) and 0.49 Mbar (at 77 K)
would form metallic chains each with Si-K bond (Ref. 22) for CdTe and 0.43 Mbar (at room temperature)
lengths of 3.3 A. (Subsequent experiments confirmed the for HgTe. Hass and Vandero.it 3 obtained bulk moduli of
predictions that the Si-K bond length is 3.14±0.1 A 0.047 and 0.13 Mbar for HgTeand CdTe, using an ab ini-
and that the Si-K bond is weak, iS as is to be expected of tio method which confined d electrons to their atomic
a metallic chain model.) cores. We also calculated the zone-canter optical-phonon

In the present stuoy the outermost d-shell electrons of frequencies. They are 3.32 and 3.96 THz, respectively,
the cations, Hg and Cd, are treated as valence electrons, for HgTe and CdTe, compared with experimental values
on the same footing as the bonding s and p electrons. The of 3.64 and 4.20 THz. 2

1 Our calculations employed 9747
remaining cation electrons are treated as a spherically plane waves to expand the interstitial parts of the basis
symmetric core. The electrons of the Te anions are wave functions. For tlc nonspherical parts of the charge
separated into s and p valence electrons and a spherical densities and potentials, 72 557 plane waves were em-
core. The core charge densities of all atoms are obtained ployed.
by solving the Schr~dinger equation for the spherical part
of the total potential: this is repeated each self-consistent
iteration. The inclusion of :he core charge densities in
the iterat;on procedure is esoential for obtaining accurate For the Hass-Van,-erbilt microcr~stal model of
potentials and d bands, since the d orbitals have their Hgo,5Cdo.5Te we find an a.erage lattice constant of 6.472
sharp maxima deep in the c-ure region. That is, a frozen- A tda, =2.802 A), essentially the same as the value ex-
core appro.timation does not produce adequately accu- tracted from measurements of HgTe and CdTe, com-
rate potentials and bond lengths. For the Hgo. 5Cd0.5Te bined with Vegard's law: d '=O.5dlgT,(x =0)
alloy we use the same microcrystal model as that used by -0.SdCdT (X = )=2.801 A (or 6.470 A for the lattice
Hass and Vanderbilt.3 Two geometric parameters, a and constant).: 2 Hass and Vanderbilt 3 also did well in com-
u, are adjusted to obtain the equilibrium lattice constant puting the lattice constant, having been off the experi-

of the alloy, aL, which is obtained from x-ray-diffraction mental value by only 0.5% for Hgo.$Cd o Te. However,
data and is a linear interpolation of the lattice constants their result was predicted by an adjusted 'heory that
of HgTe and CdTe. We use the same microcrystal unit tr,!ated! the d electrons phenomenologically and, by con-
cell for HgTe and C:;Te, but fix u so that Te at-',ms are at str.-t.'ion, was exact for HgTe and CdTe. In contrast, the
tetrahedral lattice points. As is usual in recent theoreti- pseudofunction method describeu here is a fully a przori
cal bar'i-structure and total-energy calculations, we u-e theory. We compute local bond lengths in the alloy of
two special points " ' i6 to approximate the integration over dtT(x =0.5)=2.795 A and dcdTt0.5)= 2 .10 A. The
the lirst Brillojin zone. Relativistic effects, except spin- difference dcdTe(X =0.5)-dgT(X =0.5) is 0.015 A,
orbit interactions, are -:cluded for all atoms. close to the experimental diffe:ence of 0.01 A in

dCdTe(I)-dHrTO). The bond-length relaxation parame-
ter e is

I'. RESULTS dHgTe~x =0.5)-dcdT(X =0.5)

A. HgTe and CdTe crystals d.fSTe(X =0)-dcdT.(X = 1)

We determined the zero-temperature, zero-pressure N htch is calculated to be 4E j.83. From the EXAFS re-
lattice constant of !IgTe to be 6.455 A [or suits of Pong and Bunkert on a numt.-r of pseudobinary

Hg-r (0)=2 795 Al, in comparison with the room- ternary semiconductor alloys, e tpicall. lies in the range
temperature experimental value of 6.459 A (Ref. 18) [or 0.6-0.8, but for HgptCdTe seems to be aa,' unit,.
dHgTc0)= 2 7Q7 A]. Similarly, the calculated lattice con- Hass and Vanderbilt obtained E= 5.8 and 3her t al.
stant of CdTc is 6.496 A [dCTe(I)=2.813 A , versus found e=2.



IV. DISCUSSION Cdle, to within 0.001 electron.. [The Te charge in CdTe
is slightly larg-r than in HgTe, due'tothi larger t'auling)

A. Bond-length relaxation ionicity of CdTe.] Thus, (i) the ionic charges are deter-
mined primarily by nearest-neighboring bonding. ii) aThe present calculations reduce the uncertainty in the virtual-crystal mode! of the Hg.,CdTe electronic

calculated a priori bond lengths in HgI-., CdXTe alloys to structure is appropriate for the uppermost valence and
about 0.01 A from 0.3 A. As a reult, our local-density the lowest conduction bands, 24 and dii) we find no evi-theory is consistent with the phenomenological strainth o y f N w m n et a . h l t i e- o ; a t d aa4 dence of anom alous or large charge transfer in the
theory of Newman ef al.,4 the lattice-co:tant data, 2t  Hg,Cd.,Te alloy. (Wei et al. reach a qualitatively
and the EXAFS data of Bunker et a. ' Because our .
theory contains physics absent from the models of Sher similar conclusion.

In summary, we believe that the extra self-consistencyes a. ad of1-lss nd Vndebilt itimpies hatthe of our calculations, compared with previous ones, limits
theoretical uncertainties in those calculations are of com- the caceltrans tom001el wuthe roe, t
parable magnitude with the changes in bond lengths they proper treatment of d electrons, their orbmtals, and their

predict. Thus the large bond-length relaxations away hybridization with s and p valence electrons is an impor-
from the average are no longer to be expected in tant feature of our approach. These two features com-
Hgt-,CdTe, and the apparent discrepancy i etween bine to reduce the th.'oi.tical uncertaintv for our local-local-density theory and both the data and Newman's density calculations and to p.ovide a modicum of
theory is removed.'s dniycluain n topodeam ium f
.hWe believe that the large uncertainties of the theories justification for theories such as that of Newman et al.

ofWSher etle tad tHas ae Vnerltaie d t thers which neglect charge transfer and consider only internalof Sher et a!. and Hass and "Vanderbilt are due to their strains for computing bond lengths in alloys.

introduction of non-self-consistent phenomenological
repulsive potentials, a common feature of both theories.
These potentials are adjusted to produce the observed lat-
tice constants of HgTe and CdTe. (In the Hass- V. CONCLUSIONS
Vanderbilt theory, the zone-center optical-phonon fre- Our ab iniio pseudofunction total-energy calculations,
quencies were fitted as well.) It. he model of Sher et al., O ra t the dselecton o ta nd c a ato s ,
this phenomenological potential is rooted in Harrison's which treat the d electrons o" Hg and Cd atoms self-theory of the total energy '2 and accounts for the repulsive coilsisttatly and on the same foot" - as valence s and p

energy2 3 electrons, are able to obtain the H:-Te and Cd-Teinteractions between electronic charges. In the Hass- blets in Hble, dte and T ccuTe
Vanderbilt theory, the repulsive potential compensates bond lengths in HgTe, CdTe, and Hy, Cd0.Te accurate.
for having confined the d waves to the atomic cores. ly to within a few tenths of a percent. Our results show
Such a potential may be adequate for the perfect crystals that, to a good approximation, the Hg-Te and Cd-Te
where all atoms occupy perfectly tetrahedral sites, but it bond lengths are constant in Hg.,Cd,1e alloys, and
should be regarded with suspicion in alloys -especially that any bond.length relaxation -s ver. zn.. 1 injeed.
for calculations of bond lengths of four-digit accuracy. A muffin-tin charge transfer analy.sis shows that charge
We believe that our approach, with an a priori self- transfer from Cd atoms to Hg atoms in Hgo.Cdc0 5Te is
consistent potential, is preferable for calculations requir- insignificant, about 0.001 electron. Within the applicabil-
ing accurate bond lengths. ity of the micro-crystal moiel for Hgl-,CdTe alloys,

our results indicate that the properties of the nearest.
B. Charge transfer neighbor bonding of the limiting .rystals HgTe and CdTe

are virtually preserved in these semiconducting alloys.The anomalous bond-length relaxation found by Sher
et al. and by Hass and Vanderbilt was attributed by them ACKNOWLEDGC;ENTS
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The anomalous Curie-constant data for Cdl.xMnxTe alloys are explained in terms
of spin-polarization of the valence band j and p states by Mn. The theory, which is
based on an a priori spin-unrestricted pseudofunction local-density approximation,
illustr'ates the consequences of Hund's first rule in solids.

1. Introduction The valence-band spin-polarization finuation q(x) can be
Recent magnetic susceptibility measurements of zinc- interpreted as the number of additional spi s, beycnd

b!.nde Cdl.xMnxTe alloys revealed Curie-law behavior, the five spins associated with the d-viectrons. in the
but with anomalous Curie constants that did not fol- vicinity of a Mn nucleus of zinc-blende Cdl.).MnxTe.
low t hn. expected dependence on alloy composition x for Note that zinc-blende Cdj.xMnxTe has not h. own

x>0.4 [1]. for x > 0.7 I1), but extrapolation to x=1 (hypotheti,
cal MnTe) of a least-squares fit of Spaek's data prc-

C = A x S(S+I). (1) duces an experimental value ,exP(x=,) = 1.2. More-
over hexagonal, PiA-structure MnTe exists with a mea-

Here A is a coistant and S is the spin of the Mn ion, sured spin-polarization function of afx,:nc 1) 0.16
which is 5/2 for the free Mn+ 2 ion in the (3d) 5 con- (3). (The smaller value of qj may be attributed to
figuration, according to Hund's first rule [2j. For small the larger Mn-Te separation, 2.91 A in the NiAs crys-
Mn concentration x, Spalck et al. found the expected tal structure, versus 2.73 A in the zin:-blende struc-
behavior, C=AxS(S+I), with a spin almost equal to the ture.) Hence both hexagonal and hypothc.ical zinc-
free-ion value. S = 2.47 ± 0.05, for Cdl.xMnxTe. How- blende MnTe have "extra" electronic spins at each Mn
ever, the Curie constants increased above their expected site than can come from bin d-electrons. Clearly this
linear dependence on x for high Mn concentrations. spin must be associated with .,pin-polariL--d s and p va-

lence electrons. While there exist other calculations of
2. Effcc.ive-spin and Hund's first rule the electronic structure of Mnl'. 14-7), to our knowledg,

In this paper, we shall present calculations which none of those calculations have pro lcc4 the significant
explain the anomalous super-linear x-dependence of spin-polarizatu'. necessary to explon the susceptibility
the Curie constants of Cdl.x~lnxTe in terins of spin- and Curie-consta:at dat .

polarization of the valence bands by Mn. We shall write In this paper, we repor such a calculatiou, based on
the Curie constant as the local-density approximation IS] as i-'cir.ented with

the pseudofunction method j9], which wa have mod-
C = A x S(x) [S(x)+l, (2) ified to handle spin-polarization. The c, .sic physical

idea underlying the calculation is Hund's frst rule [2':
where we have the effective-spin A Mn atom in Cdl.xMnxTe vil adopt a ground state

that maximizes its total spin St x). Although this rule
S(x) = (5/2) + rq(x)/2. (3) strictly applies only to free magnetic atoins, it must

have an analogue in zolids. With this in ar:ind, we
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have developed our local-density theory with a spin- crystal models: an eight-atom unit cell with the (001)-
dependent basis set that naturally allows hypothetical superlattice structure and a six ten- atom unit cell with
zinc-blende MunTe to adopt a lowest-energy antiferro- the luzonite structure, respectivd'. (14,1S].
magnetic ground state of arbitrary spin- polarization in
each atomic cell. 4. Results

Neutral atomic M~n adopts a (3dT)5(4s4T) ground- By summing the net spini-(Insity of the localized ,

state configuration, with its 4,1 shell being closed and p, and d orbitals centered on a Mn mamn, w dcter--
spinless. The 3d electrons of atomic Mn all have parallel mined the valence-band %~pin polarization: j~(1) = 1.30,
spins, according to Hund's first rule: maximizing the to- q~(0.5) = 0.36, and r7(0.23) = 0.04. The minority-sJpin
tW spin requires a highly symmnetrized spin state. and an d-electro -n-, actually contribute a small negative amount
orbital wave function that minimizes the electrons' mu- to q(x.
tual Coulomb repulsion j2;. A similar correlation effect We compare the results of our a prior: calculations
exists in solids, although the electronic configuration is for the spin SWx in a M~n cel! with dama in Fig. 1. The
more complicated due to coupling between atomns: the smooth line for 5(x) i. obtained by fitting to a parabola
dominant configuration in zinc-blende ManTe 11,M) is the calculated spin S(x) for three valties of x: x=1, 0.5,
(M0t5 (44).4pT). and 0.25. The resulting paraboa,- is S(xP=.-o-Lax+by,

In atomic Mn tlht spin-7/2 (5dT)5(4,T)(4PT configu- with S0=2.41, a=0.34, and h=0.-%3. Notr th( excellent
ration lies at too high anl energy relative to the spin-5I? agreement between the a prio-: theory w~ d zthe data.
(3dT )(4,j)2 configuration, and so does not contribute ap- Initially our studies of MaTe and Cd,_x\n.Te were
preciably to the ground statc, even though it has a larger motiv-ated not by aecsire to understand marc-neic sus-
spin. Dut in condensed inatter this large-spin configu- etblt n ui-osatdt u ypooms
ration has to be considered fcr the ground state becatn~e sion experilneits (10,11]. Our spin-unpolarived calcula-
the energy necessary' to transfer an i valence electroin to tiouis produced density of states spectral fi atures. for the
a p-state is small. (This is atialo, ;ous to the case of C, d-bands in particular, that agreed with previous thco-
which assumes the (1s)2(2j)2(2p)- atomic ground-state
configuration, but finds a lower energy in condensed -ie 14-7] but disagreed with the data b% typically >
matter by fe)ming jp bonds fo th j.22ip3 1eV. The introduction of spin-"polarization produced (i)

frmteI3(p d-related photoernission pet-ks 3 5. 1 6. and 0.S eV bielow
configuration.) In fact, the grouna state of \In in %'nTe the valence band maximum (in agre. nieni %%ith the data
is a linear combination of conflgurations, in, tuding the (01],(i ne~epooiiso pcr ihs~ri
spin-polarized configuration (3d1)O(,4a)(P1T) and the ative positions of ,, p. ansd d features in ot.reement with.
closdA-shell configuration (3di )54.)-. as well as others. the data (10,11], and (iii) tripiy-peaked Te 5j partial
Our calculations show that such a spin-polarized state
has a lower total energy, as expectee. from liund's first densities of states induced by spin-polarization, again

rule.

3.5
3. Method of calculation

We use the pseudofunction method (91 together withf
local spin-density theory !3) to compute the electronic Cd I Mn XTe

structure and ground state energyv of zinc-blende \MnTe,
Cd 0 .5M\n0 5Te, and Cd0 75MNn0 ',5Te. This method 30
has correctly predicted the 0.5 Bohr magneton spin-
saturation magnetization of Ni (12] and has been ap-
plied successfully to a number of problems concerning ..

non-magnetic semiconductors 113,14].

Using a unit, cell containing two Min atoms and twvo Te
;.tomis (4] to d-cribe NMnTe, %& e considered 1'. th antifer-
roniagnetic (AF) and ferromae:n-ic (F) ph!ases of Mn,
by aligning the spins on nearest -z iighbor \M.n ions ether
antiparallel (AF or parallel (F) Our total-energy cal-
culations favored the (known) .-F giound stat-' 1by 0.172.
eV/molecule, with a \Mn-Te bond length of 2.68 A (as 0 0 05 1 O
compared wvith the experimental value 'af 2.73 A (4,151), Mn concerr2. on x
an indicat-on that the calculationc had adequ-tely con-
verged to orrect physics ')G.171, The resulti: .; conduc- Fg.Efctvtoal spnS \)o i n aitom in zinc-

tion bandb, wvhen pro.- cted onto a particula: \In site. biende Cd. .x.%1:.Te versus Mn! conictitralton x. The
were higly spui:-polai: , d. a result that we i:not an- solid line j, the p1tzabolic interpolation of the a priori
ticipated. calculations f., x=1/4, x=1/2, and~ x=l solid titani-

We repeated the ealcu',itions for Cd0 5M: - an(! gles) Tiie cii des L~re extrzict( I from Curie-constanit
Cd 0 .75,Nfn0 .25Te, using :lhe standard per wi micro- data (
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in agreement wAit~: the data (10,111. Thus the theorct- Cdl-x%-IixTe and that such charge transfir, since it in.
ical framework developed to explain the spectroscopic volves loca&lized d-states, is better handled in a pseudo-
data explains the magnetic properties of the ~e materials fur. zrion basis than: in a plane-wave basis: The pseudo-
as well. function method handles the spin-polarization and the

One might ask why the present theory produces phys:cs of Hund's first rule in a natural, transparer'.

such dramatic spin-polarizMation e'ffects when other local. ws
density theories have not. We bejieve that the difference Cnlso
in theories ultimately is traceable to the basis sets. The ThCnmlu onlusarinCrecntnso
pseudofunction basis allow,.s one to obtain a Hund's-rule- C1x1xcaly r trbtdt pnplr..tolike ground state because the basis contains rralistic lo. Cxlxcalosreatitdt pi-la.at~o
calized spin-unre~trictcd states. Plane-wave basis sets otevalence leri.tons corrhe tly reTed byou of

emphasize the -titerstitial regiot.s of a ciystal, and so, vlnesi-oaiaini orcl rdce y4pi

many plane wa~ves are reqiiired tw describe a 'ocalized ori spin-polarized pseudofunetant local-density theory.

d-function. To test our hypothesis that the difference in This theory also correctly pr-d: -,ed that the ground
the esu-s -,'thepscdofnctin ad panewav rrth- state of MnTe is antiferromagnetic and -emove~d a num-

ods is attributable to the basis sets, we restricteo our brsidfihotoemisionanciesbetwe phevisions spec-

basis orbitals to be the same for spin-up and spin-down rand oomsinadiies hteiso pc

electrons. As expected, we reproduced the principal d- ta

band feature at -.-2.4 WV below the valence band maxi-
mum found in previous plane-wave implementations of Acknowledgements- W-e are grateful to the U.S. De-
local-density theory (4,51; this feature lies ;zt1 eV lowt fense Advanced Research Projects Agency 1,Cont- ct
in our iinrestricted pseudlofunction calculation and in No. N0530-0716-05) and the U.S. OF..ce of Navdl Re
the data. Hencc we conclu:&ed thr.t charge transfer search (Contract No. IN00014-84-K-0352) for their gen-
involving orbitals with difft.ent spins is important in erous support of this research.
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The new magnetotransport and magneto-optical properties of the semimagnetic Cd: _.,Nln,,Te
semiconductor alloy series depend criticafly on the nature of the Min-derived dstates. We examine
here the electronic structure of these alloys with a combination of inverse photoemissioll
spectroscopy, core-level photoemission line-shape analysis, valence-band re!.c;:nt
photoemission. and local der,.ity pseudofunction theory. The spectroscopic data reflect the: locai
Mn-Te coordination and are in remarkable ag,'eement with our one-electron calculations. We see
no evidence of Mn-derived d states in the gap, and observe an experimental d 1-di excho'e
splitting of 8.4 + 0.4 eV, i.e., almost twice as large as expecLSd from earlier theorc~ical estimates.
The ground-state configuratioi. of Mn in the solid is primarily 1d I ) (5?) (pi ), and the surer-
exchange interaction has an important role in determining the stability of such it configuratio-n
relative to (d )Y

1. INTRODUCTION ed electron states of a semimagnetic semiconductor by
Ternary semimagnetic semniconductors 1- 3 are alloys in means of inverse photoemissicni spcctrorcopy. We also cx%-
which magnetic atoms such as Mn randomly replace some of tend earlier photuemnission spectro.Nc-opy studies of the el-c-
the cations in a 11-VI semiconductor lattice The new phe- tronic structure. and interpret the da~ta in the ]h:.!t of newv
nomena that this class cef materials brino to semiconductor self-consistent local-density pseudoftlaction ( .cu-lations for
sc:-ence stern from the spin-spin exchange and super-ex- zinc-blende MnTe. Our results force a crittca! ree%.tiuation
chan-e inter=-tions"' that involve the magnetic moments of many current ideas about the el':ctrovi, configuvo:don of
localized or, the s-,bstitutional magnetic inmurit y, and the Mn. the magnitude ofelectrin-ele!ctron correlation.* -ad the
band and impurity states of the 11-VI host." Such intera.- validity of the one-electron approximation in ternar semi-
tions result in 'argeg factors aiant magnetoresistance, large magnetic semiconductors. A short summary of selected re-
values of the Faraday rotations, and not el maerictotransport sults has be.en reported earlier. ~
and magneto-optical properties.'

CritiCal parameters to model and understand the proper- 11. EXPERIMENTAL DETAILS
ties of thes e materials are the ground-siate energy of the Mn The crystals used in th~e present studie- %%-re grown at

3d5 o: uraion.the3d ybrdizaion~viz~anon-eriedp Purdue UniversitN through a m~od fie,' JBrich ,ian method,
states, the Couloirb correlation energy of the Min 3d cc- and characteiizt d throuet x-ray difl'r,. ion !lie x-rax- mi-
irons. and the magnitude of the super-exch::'-ge icract:on. eroprobe analvsr as to cr% stalki .iph..- plas- *nd Mn con-
Gunnarsson et a* 7 ecently pointed owt .* a stimnulaiting tent. All results U.ere obtained oin single-pia,, single crs--
paper he d.. :~.l~idties tiole in cal. .1ating ab iito tals clemied in si!.. (x = 0, 0_.20. 35 .* ±JO~ n a
the rei~.*rnx:!-z.'d Coulombh ite.-rals in Anderson's Haniil- suitabit. spect.orneter at operatii': F. tres of abou.
tonian for th. *.onmneiall: - ytems of interest Ihere. Experi- - ix 10' orThdaauii.izcnchvebno-
mient has topri'. ide the eltf.troriic information indispensable tuin-.-_ fiomi a number of cleavagec _rfa. o., o: ..,rrable quali-
to model the pr. .perties of these mnateris an.] test the theo- tv. ranii n, t r. nr hi-hll disordercd to Fiat iniod~ikc sur-
rericaM appro 6iflatlolls. faces. The do;.i appear idependent of clew.',. quality and

In this %%~: e ex.amtine the prototyp~cal Cd, , Mn, Te provide information on -.he bulk ,'crn..structure.
alloy sys. ' We have described in a recent re% iew' thle con- Inverse photoetnisoion measui \1a~ v re performed di-
trovers\ thv-: surroutids th-_ po-i'ion and character of the d recting a co'iated nionochromi. clection "' at -he
states in this system and emphain'eu howm% erse photoem's- cleaved %u.rf.,ke and ionochromiatizin- thc ei nitte4, photonts
sion mia\ provide a crucial test of the calcu!.ations of file with a 0I 5-in Ro% l-nd ,rele mnon ron.a~oi v :tm a Liu. rtz
Coulonmh interaction r\ sampling thc density of unoccupied gracing mad a riicro--haunelplate de'ector. 1

7 Th! covnihma-
electron ste-:,s above the Fer it levei E, .Here we pr-.sciit tion of the mionoclhromator and a ,e~f-supporting A' filter
\ hat is. to our knowledge. the fii invesination of il ex.cit- allowed 'iily pho: 'ns vah enz-g:. h:- = I J". 5 e'.' toach
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:thedetectof: T- energy of the emitted-photons is detei-
initial-state~ ~ ~ ~ ~ ~~ U enAe ,o h oi t ia mt ttsa

minedby the radiative decay of the incoming electrons from W) . Mn 3d e4fissiof X.0.45

energy Ef.(hi' = E, -E, ). Tefinal-state energies were U
scanned by varying the accelerating voltage of the Pierce- U.
type electron gun while keeping constant the monochroma-
tor pass energy. The resulting spectra provide information- I

on !-, total density of final states E, wveighted by an optical x=O.4
emission cross section that is a time-reversed photoemission Z. 13x04

cross svction. This experimental technique has historically I a
been termed bremsstrahlung isochromat spectro-
scopy'8 (BIS' and is finding application in the analysis of the 0
excited electron states of metals, semiconductors, and solid ~ i CK
surfaces. "Thoverall energy resolution of the spectrometer
was -0.7 eV, as dutermined fromr the, experimental width of
the Fe--ni level cutoff in the BIS spectra from Mn or Au a. -

thick films evaporated in situ on the sample. D Mn(d sp)Te i,

Phiotoemission measurements were performed at the Ter
Synchrotron Radiation Certer of the University of Wiscon-
sin-Madison. Monochromatic synchrotron radiation oh- Z -

tained using a 3-in toroidal grating monochromator and the D E Mn(d S2 )Te
800-MeV electron storage ring Aladdin was focused on the C Theory
sample at an angle of -45* from the sample normal. Angu- In
lar integrated photoelectron energy distribution curves
(EDC' ) were obtained for 40<hv< 120 eV by means of a i

commercial hemispherical energy analyzer. The overall en- u.
ergy resolution (0. 15-0.45 eV) and the position of the Fermi 0 F MnTe:
level were measured with the same method employed in the ~ hoy
BIS experiment. zw

Ill. RESULTS AND DISCUSSION0
A. Valence barnd 1--

The use of synchrotron radiation photoemission allows14 210 8 6 4 2 nE
one to choose photon e;nergiesi in the region of the Mn BINDING ENERGY (eV)
3p- 3d transitinn and examine the Mn 3d contribution to FIG I (a) Ternary'-binary difference curve for the %alence-band emis-
the valence bands. Resoniant photoemission at the Mn 3p-3d Sian of Cd.,.Mn,,Te-CdTe at thesMn 3p-3d. resonan,. (hv = 50 ev)I.
threshold yields acharacteristic enhancement of the 3d cross Mb Resoni., c-antresonance diffcrriice cur% e ,i % 5 and 47 cVI for
secti:,n at resonance (50 eV) versus antiresonance (47 eV) Cd..Mn.Teemphasizing the Nn3dcontribu:o ozie %...aeband
that reflects the quantum -mechanical equivalence of differ- (c) Resonance-antircsonance diffrececur%. (hv = 51).1n -.17 e1) I'o.
ent processes leading from the ground state to the same final CdM,,.,c (d) Theoretic..; %projected denity of %tai.- 0Iiowiiig the
state. We pioreered the use of this method to examine ter- Mn 3dcharacter in antifcrromignciic zine-biend. \ii.Tc The grounid
naryvsemimagnetic 4emiconductors, 2 " and more recently the slatv cr-rresponds to a Min configuration clom.. to. WS )'t5)( p1) (_).

Bro," 'erng " ith a Gaussian instrumental w ~. Iun.-tion , - - -) facili.same method has been applX214 by us and by other authors to taies comparison 'uth experiment (c) Mkn .' charj,!.r in aiitiferronag.
Cd, - Mn.Te.''' One process is the dire.zt excitation: netic zinc-blcnde MoTe for Ili- (d i)'s configuriticii. M~ Confi~urar'on

5A t~p) 2inhe.-actioii calculations of the photo-mission final states for a Moi c,"
3pb3d 54l*p) + Atv- 3p63d "4 (sp) 2ef. cluster, from Ref. 4.

The second process involves a 3p core excitation and a super
Coster-Kronig decay:

3p~3d5(~p2 +by.. 3~3d4(~7-3 6 3d(sp~f sitv of the Cd 4d cores scaled b:,. a ( I - x) factor derived
The interference of the two processes yields a characteristic from x-ray micrc-probe analysis. and subtracted from each
Fano line shape in the overall excitat ion cross section. other. The binding eneri:es in Fig. I (a) arL referred to the

Two methods used to analyze thL ,d contribution to the top of the valence-band miaximumn E, !-,s de., .:d fromn a lin-
valence density of states (DOS) inv,(*\e ternar\v-binar\ -a- ear extrapolation of the \ alence-band edge. Tile dip inI :he 9-
lence-band EDC difference curves' and resonance-anwiie- I I eV region reflects the variation in th.- ab.solute intensitv of
sonance EDC diffierence curves 4 In Fig. I (a) we show an the Cd 4d emission going fromn lie ternary alloy !(. thc* hina-
applicaition of the first method to a Cd,,,Mn,,Te allo\ ry We did not perform a subtraction of th- secon~lar- 'Mac:,-

Sei4for the ternary alloy and for CdTe at i,,.onancc ground str;-c suet .Iprocess yield- arbl":r I., %anjig-!' 1, theC
(A=50 eV) have been normalized to the integrati., nten- relati e intensit\ of the features it, the 0-9 eV ran"-. Ii. Figs

J. Vac. !cci. Technol. A, Vol. 7. No. 3, May/.Jun 1989
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1 (b) and 1 (c) %,.e ,.w applications of res," incz-antire- with the moeaccurate te:nary/binary normalization proce-
sonance difference curve method to Cd,,,,ln,,.,Te and dure, 3d features are observed at 0.7, 1.6, and 3.5 eV. Corre-
Cd,,,,oMn,,oTe sarples, rcspect:vely. Such spectra have spondinlly, the on,-electron calculations forecast 3d fea-
been obtained from EDC',; at resonance (hv = 50 eV) and tures ..t O.S. 1.6. and 3.5 eV [ Fi. (d) J. Onl. the broad
antiresonance (hv= 47 eV after normalization ofi0e spec- satellite in the 6-9 eV ranee is not accounted for in the c:,lcu-
tra to the integrated Cd 4d intensity. Such a m, rmalization lations.
d es not take into account the variation with photon energy To examine the Importance of the Mn electronic conlhu-
of the Cd 4dand of the Te 5s emission. both present in the 9- ration and of the resulting additional spin polarization of
II eV binding-energy range, or the smvall modulation in the \,.:ence and conduction bands, we calculaited a MnTe elec-
relative intensity of the Cd 4d surface/bulk components, or tronic structure in wvhich restriction of the ba,,, et and spin
the -,arying expurimental resolution, which produce features polarization viel-!d a ,,In ground-Ntate e,.rt, : configura-
in the difference curves in the 9.5-1 eV binding-energy tion closer to (d ;)'(sr ) (s: ).with some contribution from
range. the (d t )(st) ( pi). (d r ) (s ) ( p, ).and (d ; )'( pi) ( p,)

The different criteria for normalization notwithstanding, configurations. The resulting %in 3d character r', hown in
Figs. l(a)-I (c) are remarkably consistent. The Mn Sdcon- Fig. 1 (e). The results of Fi,- 1 (e) are similar to tho,,e of
tribution gives rise to a dominant emission feature 3.5 eV previous calculations. '7 '% hlien forecast a major-1 feature at
b.low E,_ a smaller low-binding-energy shoulder ir the 0-2 2.4 eV that is not olser . ed e.xperimentally. The discrepancy
eV range, and a broad satellite in the 6-9 range. The results between our result-; for the ground state ad those of earlier
of'Figs. 1 (b) and I (c) are in agrecment with those of Refs. 4 calculations %vill be discu.,sed in detail in a forthcoming pa-
and 21. and similar to what has been found for the selenide per. but we anticipate here that the increased otal spin In our
and sulfide series. '-2 The lack ofan important concentration results allows a simple expl,,ation of the anona!ous Curie
dependence of the Mn 3d features suggests that they mostly temperature obser\.ed in Cd, ,,n, Te alloys.:
reflect the constant Mn-Te bonding situation.'2 The origin of the 6-9 eV satellite is, In our opinion, still

Previous local density functional and tight-binding calcu- controversial. Only the calculations by Fujimori ' provide
latons of the 3d contribution to the valence states" •2':' for structure in this zpectral region. In Fig. I(f) we plot the
MnTe and Cd, - Nln,'e al!oys showed only limited agree- result of the configluration interaction calculation for a
ment with photoemis.ion results. This, together with the in- MNiTe'- cluster from Ref. 4. The muluplet lines derive from
terpretation of optical data,' suggested that large final-state d and d :L final-state components, corresponding to an un-
effects might be present, and stimulated the introduction of screened Sd hole or to a Sd hole scre-aed by charge ti ansfer
the ,'onfigurati(,n interaction cluster model by Fujimori and from a Te 5p-derived ligand orbital L (-, or o') to a J orbital
co-workers. ' This semiempir:"al model can address the (e or t.). Comparison of Fig. 1(f) with Figs. I a)- I(c)
screening ofthe 3d hole. but cannot incorporate directly Mn shows good agreement, and, In ract. the addition of lifennie
3d-Te 5p hybridiza)tion effects in the initial state. We have and experimental broadening' y ields a perfect reproduction
performed new spin-unrestricted local-density calculations of the experimental results of Figs. 1 (b) nrd I (c). However,
of the band ;tructure of antiferromagnetic zinc blende the model of Ref. 4 is semiempirical, in the sen", that the
MnTe. Recent extended x-ray absorption fine-structure energy differences between the final-state configurattons and
(EXAFS) studies' indicate that such a hypothetical corn- ,0m lifetime parame,rs in Fig. I(f) are r.ot knou\n a priori,
pound should reflect the same Mn-Te local coordination but are fixed through comparison with experiment.
found in the ternary alloys. The lack ofa strong compo. :.on The cluster model does forecast a 6-9 eV satelite mostly
dependence in the results of Fig. I suggests that the 3d con- due to the unscreened d' final state. It is not clear, however,
tribution to the electronic structure should also be relatively why an unscreened satellite of this kind would exhibit a rela-
similar in the ternary alloy and in the binary parent com- tive intensity increasing with Mn concentr.,tion, as observed
pound. in Fig. I and in a recent study of the electronic structure of

Our electronic structure calculations employed a spin-un- metastable Cd, -, MnTe alloy s formed in a wide range of
restricted --space pseudofunction method in the local den- composition through reaction of Mn thin film with
sity approxin'ation. Details on the method and a complete CdTe( 110). We find that the intensity of the satellite relative
discussion ofthe results will be given in a longer forthcoming to the main Mn 3d 3.5-eV tature increases as C-x, with
p:!per.)5 We found that the ground state of system is ar anti- C = 0.50 + 0.05 in the co:nposition range explored (0
ferromagnetic ptase of MaTe where t~e Mn atomic configu- < x < 0.95).-7 At this stage the specific origin of the satellite
ration is close to (d /,sr) pt), as predicted by Hund's remains to be ascertained, although one caa state in general
rule. Relatie to the customary (d t)5(s)2 state, the spin that in a band structure picture the 0 6-. 1.8-. and 3.5-eV
maximizatin .n!.,nces t-_ super-exchange interaction and features, should be assigned to a flly sLreened one-electron
modifies the M, d and Te s binding energies. We show i final ,,te whie the 6-9 eV feature, ,nould be associted
Fig. 1 (d) th. pr, iected . d density of states for the ground with a multielectron satellite an,,, ,ous to (ie one observed
state of MNT- (solid line). We also show (dashed line) the at about the same energy in MNiO2 and NiO.2'
same results convoluted with a Gaussian (o = 0.30 eV) to
account for the effect of the experimental energy resolution. B. Core level deconvolution
The agreement bet.een theory and experiment is remark- Another crucial test of first principle calculat.ons for ter-
able If\%e focus on Fig. I(a). i e., on the spectrum obtained nart semimagnetic semiconductors appears the influence of
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i super-exchang- on the Te 5s states. Comparison of our cal-

X-0 culations with and without full spin polarization, shows ma-
Cd 4d*To 5s X.04 jor differences in the predicted Te 5s line shape. Thc results
hy -l"609V X -.-- 60 are shown in the bottom-most section of Fig. 2. For the re-

due si polarization in the (dI)s: case (dashed line),
Cd teoryprcdicts a single Te 5s feature located ,ome 11.5 eV

,.below E, , with a bandwidth of -0.5 eV. When thes,- polar-

izto scorrectly tkninto acon sldln)theory
Z prict anegys band some 1.5 e\' wide, shifted to higher bind-I 'silin eeryand exiiigstructure at 12.7, 132 nl3.6.

Z The polarization of the Mn sp electrons in our results yields a
0 ~larger super-exchange interaction and ,corrusponding in-

o r6o CdeEoFot crease in dispersion and binding ene: cv of the Te 5s states.
W _j V i

W This effect contributes substantially to stabilize thc Mn
0-

0 p (d T )5(st )(p1) ground-state cornguration.-3 As was thejcase for the DOS, the results of earlier calzulations 67 232 are
similar to those wve obtained for a (d :) 3i2-like configuration

b / for Mn in MnTe.
The Te 5s line-shape characteristic of the spin-polarized

(d r )5(sl pt) ground-state configumlion appears to be
CT S the one we observe, althouch comparison with experiment is
h. c08V complicated by the partial superposition of T( 5sand Cd 4d

//X3 states in the photoemission spe,-tra. In Figs. 2(a) and 2(b)
C .. we show ph,;toemission spectra in the 9-I13 eV binding ener-

gyregion for Cd, - 1,Mn.,Te alloys with x=0 .0 .5
c4*:To and 0.60 and hv = 60 eV (57 eV for Cd,,,,Mn,,,Te). The

M Tess0 spectra have been normalized to the integ!ated intensity of
x3 the Cd 4d cores scaled by the Cd concentration ( I - x) as

0 Z3 determined from x-ray microprobe analysis. The experimen-
1; d tal EDC's in Fig. 2(a) show a br -d lwbnigeeg

9 shoulder at -9.35 eV that reflects the Te 5s emission and
to4 n0 T 5S exhibits a complex dependence on the Min content x of the

h.1Valloy. In Fig. 2(b) wve show a dcnoui of the Cd4d
3 contribution in Cd~re. A least-squares fit (solid line) to the

e X3* experimental EDC (solid circles) was obtained in terms of
. .j e~s _- jtwvo 4d doublets (dashed lines) shifted 0.65 relative to each

13 12 ii to 9 8 other. The high-binding-energy .:oublet w~as recently ob-
served by John e, al.2' and associated with a surface shift of

Un~ethe 4d line. John et aL.2 ' associated the Te 5.l feature with a
To 5 "s"second Cd 4d surface component shifted in the opposite di-

rection. Although this suggestion and the arguments pro-
vided to support it are quite ingenious,. the Te 5s feature
exhibits a cross section markedly difl-.rent from tha, of the

~ 1 13IItwo Cd 4d do-lblets, a lack of escape deritk- iiivitv that
rules out a surface-related character, and an x dependence in

BINDING ENERGY (*V) the ternary alloy that rules out a Cd-related o; igin. 30

FIG 2 ta) EDC's for the Cd 4d and Te 5s emission from Cd, Mn. Te In the fitting procedure of F!E!. 2(b) each 4d doublet was
(= 0. 0.20, 0 4 5, and 0.60) at hr = 60 c%' for all samples except obtained through convolution of Lorc:-7,ai line shapes wvith

Cd, 0 NMn0,0Te (hv = 57 eV). (b) Least- square 6~t (-) of the expen- a Gaussian function to account fo'r the experimental resolu-
mental EDC fur CdTe (0) in~ the 7-13 eV range Two Cd 4d doublet tion Binding energy, width, intenisit branching ratio, and
shifted 0 bt) eV from each other re-flect surface and bul. 4d compmcnits
(c) Te 5s contributiun to the EDC for CdTe in Figs. 2ta)-2tb) after spin-orbit splitting of the doubl-ts l~ere all determined by,
subtraction of the C., 4d contrihui ton From the o~erall spectrum kA iFor the least:.sq uares fitting program. and are ini go, d agreement,
comparisonwe show the resuit of a teast-Nquares fit in terms of a Lorent- within experimental uncertainty.,' \\ith .nose derived by
zial function convoluitcdwith aGaussian(t-) Od)Te5scontribution io John et al.2' The two "d do~ublets ob:ivaed were then sub-
the EDO for CO. ,T in) Fig 2 (a). zfier subtraction of the Cd 4d tractvi! from the overall EDC tc isokite the 'te ii contri;'u-
contribution from the o~erall spectrum -) Te 5s contribution to the to.so ti io2(c oi nnl, h ~einna
EDCforCd055 MnTtin Fic 2(a),dfter - ractionoftheCd4deontri- to.so' nFg2c sldt~nls h ~eina
bution frum the oserali spectrum (f . Calcuiaied Te 5s line shape for the Te is co-,tribuiion in th,'2 binar\ iimpounJi is -ornpellingly
(d? ) s* ) p,, (-) and (d )s-*jconfi ratiiw ut Mn in antiferro- similar to) the one predicted by ilivo. :b. e lc~k spin polar-
magnetic zinc-blende mn re ization, low super-exchange (d T )'s~i~ showing - ingle
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emission .",ature cente-edl one 9.35 eV below ,., (theory: C. Conciction-band states
i.5 eV). If we now use th: iting p;.rame-urs obtained for The nature of the ;d contribution to the (density ofstates

CdTe and, r~tflecting alloy, broadening, scale down the Cd above E,. and thc value ofthe Coulomb correlation enercs it,
contribution by ( I - x). we can subtract: the Cd zpont :bu- ternary seminaiagetic semiconiductors, has bee-n quite con.1
tion irom the ternary alloy EDC's of Fig. 2(a). WVehow the troversial.' In Fig. 3(a) v..t '.how HIS spectra for CdTe and

re~i~tfo Cd,~,n 0Th.id C Mn,,,Tein ig. 2d) Cd, ,,,vn,, ,,Tc in the 0-16 eV energy rangyeabove the Fermi
and 2(e), rc-specti& .Iv. The Tc 5, line in thle ternary alloy lvlE.Tepsto f 1 a h ulaews06 _01e

e.\ibis ~hft o ignh~din enrg reatve o te inay, and 0.75 ± 0.1 eV above the valence-band mnaximum for
an int. -case in b-.ino ,,idt n and thle niergence of t hre;! major Cd,, ,,,Mn 0 1,,Te and CdkTe. respectively. F ch spectrum in
emissic'i; fea tu res. For Cd, n, iestrct ure is observed Fig. 3(a) was obtained as the sum ofsCV' :1 quantitativelv
at 9.6, iO.3 and ,l I N. %~ith a total 5sbandwidthof -2.5 eV. 0oss~rsetafo ifri lae.ai!crepnst

Thsi n-o genc~wt th erl tedepce a total of some ISO hi of data integ-ration with a primary
from our calculations. The calculations, however, appear to electron beam cni' -nt of about -200 utA. Electron-beamn
overestimate the actual binding energy of the maior Te 5s inue nannin vsvodd1obiinanw

bandce features.wa vodd yobaniga e
bandfeatres.cleave every 6-8 I1. Although special care was taken to ob-

tain reli ible contacts on each single crystal with indium and
conductive epo.y%. charging etfects were observed for all
samples with x, 0.45. We were able to obtain reliable data
for samples wvith x = 0, 0.20. and 0.35.

12!- Cd,., Mn e In Fig. 3 (a) the BIS si , trum for CdTe (solid circles)
X C shows structure at 4.0, :., and 9 eV above Fe-, superim-

10" x-.12
posed on a smoothly increasing secondary photon back-.

- . ~M.-'* ~ground deriving from the d-cay of inelastically sc.ttered
X1 electrons. The spectrum for Cd0 3 M 0 2 T soe tranle

I .~s.. Iwas normalized for comparison to the 6.7-eV DOS feature ofI CdTe- 'A difference curve wvas obtained fromn the two spec-
U~ 2- tra and is shown in an expanded scale (open sqt'ares) in Fig.

a 3(b). Results for the x = 0.35 alloy are qualitatively consis-
Z tent with thos,± -ur the x = 0.20 alloys and are not presented

~ lb \l~td~spTe her.2' The cnuto-band minimum E, expected at 0.90
I beV for CdTe and at 1.2 eV for Cdo s0 Mn.. 0 Te,' is seen in Fig.

(L 3(a) as the end point ofe tailing ofst-Ates extendingy from 2.3

New Mn-Te related featires in the ternary alloys are ob-
served in Fig. 3(b) at 4.2, 10.2, 12.2, and 13.8 eV (open

f .rsquares). Analogous features are observd. for the x = 0.35

~ -i:- Ialloy. 33 An interpretation of thcse features is provided by the
Z ~results of our pseudo' unction local density calculations. We

Ca show in Fig. 31 c) (zolid line) the total DOS above EF. for the

______ 'C~',',' antiferromagiietic zinc-blende ground state of M1ynTe. For
W nn 5 2 T comparison wye also give in Fig. 3 (c) the ana-logetus result for

the reduced spin-polarization INn (d )Ysc.%:!. The calculat-
ed total DOS has been rigidl% .hifted to higher binding ener-

3(b) I to those observed experimentally, in accord with the
Z ~usual practice of local-densi ty the. -v.3' We obser% e a com-
LU pelling correspondence between :heoretical and experimen-

_______tal_ features. /-projection of the theoretica.l DOS allows us to
NE124 6 1012 1 16identify the main 4.2-eV feature as Mn 3d-deiied, and :he

ENERGY (eV relative to E. emission features at 10.2, 12.2. and 13.S eV as primarily asso-
FiG 3 (a) llremri,ung ,&rn.tBS er ionC~ ciated with Mn p states wvith some admixture of Teo charac-
and Cd.,_Mik ,Te.( The otiductiosi-band iniurium E, is 0 9 C% ter. We fou: d no ev idence of d-related _-iissioii in the gap.

ab~cI e erialeelEfor CdTe. i 2eV foCJMnTe. (o A dilTer- Upon deposition of 3 A of unreacted Mn on the clca'ed
c~ ,u~ C cic froin th 3Sstr fFg3a oprd surfacL. we clearly detected dominant .;d emission in I,-gap

of taes boe E () fr inif:rringneiczin-bend \n~e T~e and th~e formation of a Fermi cutoff. demonstratin ii,,ht our
rot ni~rron.Ce~cznc~knd Si~e.The experimental sensitivity would I' o' e been sufficient -,o detect

Mn 3d states in the 'lap. if present."7
sit o,!jeslorauiferoni~tu. i l~ideInc: hrelnibin he We cain no" estimate the d -d. eXChange10 splitting from
artiicil lo.k-Pintd -)Y onfguraionthephotoemissioii- and BIS-determined positon of the main
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Mn 3d features and the position of the Fermi level. We ob- exeietldetermination of the position of the d. states in
tain an exchange splitting of 3.5 - 0.7 - 4.2 = 8.4 -; 0.4 eV. a ternary semimagnetic semiconductor. The value of
Recent first-principle calculations for Cd,,.,,,Mn, ,Teal 4.8 0.3 eV for the position of the di band is consistent with
loys 7 predicted a Mn 3d t band only some 2.5 eV below E,_, early, interpretations of the optical data which recently came
and a sh.rp d 1 feature within 2 eV from E, . wit h a resulting under criticism on the basis of presumed discrepancies
d 1-di splitting of 4.5 eV. Localized muffin-tin orbital calcu- between photoemission and] optical results, aind photoemis-
latiu!s fot antiferromagnetic zinc-blende %InTe by Podgor- sion and local density functionai NNits\ , findiioevidence
ny23 yielded a value of 4 to 4.5 -V for the d -d! sphinli-. of such d:Ncrepaincies in our rvut.Fromt photoemission
Earlier calculations for paramagnetic zinc-blende NinTe b\ and BIS data we deterned a '%alue of 8.4 - 0.4 eV for thie
'Masell ei a!? y.,ielded a slightly larger value (5.5 eV 1. All of d !-di exchiangesplitting, of thcsamrc order ofmagnitudeas
the calculated \n1ues are substantial]\ lower than our experi- those assumed for Mott insulaitors. and alim , t twice as large
mental value of' 8.4 + 0 4 eV or our calculated value of 6.8 as those predicted from earlier local density calculations.
eV, wvhich is 24% too low. In the case of~in atomns in AgNIn Finally, theory and experiments indicatte that Mni in
in term etai!!i c,. "the experimen-al splitting betwveen major- Cd, -IMn Te ad. pts a spin polarized ground state sv-th a
ity- and minority-spin states wa, also found larger (50%-) (d I ) (st)( pt )-like configuration tin the solid, a result that
than the value obtained from first-principle calculations (3.5 has important implications in our modeling of the magneto-
eV). transport and niaoineo-opi'ical properties of these materials.

Better agreement is encountered with the results of earlier
semiempirical calculations. Tight-binding semiempirical co- ACKNOWLEDGMENTrS
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eV in reflectivity measurements as J~erisiii-. frerr sp-di it Diluteds) 'tic (errihK. HIs. St%,,icCD . L.r'.id Johso.
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savy functional calculaitions ofihe _:ound state ofMnTe rule L Smith. C Njiiii'. anid T Q %-,Gill. App: Pb'% 1 .11 oin pret-s

out the lar-e final-state effects on,;: ow)ght necessar\ to 't VAdr."tS 'dt.Jh~c.dtd~FSi~~DTrbi
C,( A±ei.Ns iork. VAS 1 -5.1rta.

explain the discrepancies heivseen :1het'r ano pliotoemis,,ion "o Gunno 0 K \n, 'vrs C) jv-,i a I, 3 Z-t -.- iiput'.
experiments The 1315 w,!tnqw. ;,nt,.ded the first direct tished)
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"'A. Frarriosi. A. WVall, Y. Gao, J H Weaver, M..H Tsai. J. D, Dow, R. V. 'A best fit in the --3 e%* range was obtained ford:ie following values of the

Kasowski, R. Reifenberger, and F. Pool (unpublished), fitting parameter, (we gise itt parenthesis for comparison the values de-

"Y. Gao, M. Grioni, B. Smandek, J. H. Weaver, and T. Tyne, J. Phys. E 21, rived by John et aL.,2'), Lorcntzixi: full width at hailf-maximum
489 (1988). (FWHM)V = 0.25 eV (0.21 eVj, Gaussian FWHM = 0.473 eV (044

'NJ. K. Land and Y. Baer, Rev. Sc,. Instrum. 50. 221 (197S'). eV). spin-orbit splitting 0.66 eV (0.69 eV); branching .atio = 0.666
9FJ.Hinapsel andT. Fauster. J. Vac. Sci. Technol. A 2. 815 " 1984 1; P. D. (0.658) , urfdce/bulk ratio = 0 13 (0 63, for different surface ortenttation

Johnson an~d N. V. Smith, Phys. Rev. B 27, 2527 ( 1983). after ion bombardment): surface shtft = 0.66 eV (0 57 eV).
7"A. Franciosi, C. Caprile. and R. Reifenberger. l'hys. Rev B 31. 8061 "A scale factor to normialize EDC's from one cleave relaiti~e to another

( 1985); A. Franciost. R. Reifeniberger, and J. K. Furdyna. J. Vac. Sci cleave can be obtatined trom the Mn 3d emnissioni intensity sealed by the

Technol. A 3, 124 (1985). concentration x. fronm the Te 4dcore emission.', -rassumnin.: that the total
2N. Taniguchi, L. Ley, R. L. Johnson, J. Ghijsen. and tM. Cardona, Phys. intecrated Te 5; emission renmains unchanged mn the allo% series. All of

Rev. B 33, 1206 (1986). these methods %iteld results quailitatively consistent for the Te 5r line shape

"A, Franciosi. S. Chang, C. Caprile, R. Reifeniberger. and U. Debska. J. in Figs. 2(c). 2(d). and 2(c)
Vac. Sci. Technol. A 3.926 (1985); A. Wall, A. Franciost, D. WV. Niles. C. "These results are in agreement w~ith those of BIS investigation at ultravio.

Quaresima, M. Capozi et al., Phys. Rev. B (in press). let energies of Cd, , Mn, re alloys and Mn-CdTe( 110) interface reac.

"N4. Podgorny, Z. Phys. B 69, 501 (1988). tion. See '% Wall. A. Franciosi. and B. Reihl (unpublished).
2'J. Masek, B. Velicky, and V. Janis, Acta Phys. Pol. A 69, 1107 (1986). "4However, the rigid shift used in Fig 3 is some 1.6 eV higher than what

2'A more complete anzlysis will be presented ini MA.. Tsai and J. D. Dow would be necessary to align the calculated s-p band gap to the value oF 32
(unpublished); see: also R. V. Kasn)wski, MA.. Tsai, T. N. Rhodin. and eV expe, ,ed for the gap of MnTe (Ref. 7).
D. D. Chambliss, Phys. Rev. B 34. 2656 ( 1986). "D. %.ii der Niarel, G. A. Sawatzky, and F. U Hillebrecht. Ph~s. Re. Le.:t.

2'M..H. Tsai. J. D. Dow. R. V. Kasowski, A. Wall, and A. Franciosi, Solid 53, 206 t;084).
State Commun. (in ;,ressl. " H. Elicreitreich, K. C. iHass, IN F. Johnson, B. E. Larson, and R. J. Lam.

27A. Wall, A. Raisanen, G. Haugstad, and A. Franciosi (unpublished), pert, in Proceedings of/the 181hiInternational Conference on td'e P/vsics of
2'D. E. Eastman and J. L. Frecouf, Phys. Rev. Lett. 34. 395 (1975): G. K. Semiconductors, edited by 0 Engstrom (Wtirld Scientific, Singapore,

Wertheim and S. Hiifner, ibid. 28. 1028 (1972). 1987), p. 1751.
2'P. John, T. Mviller, T. C. Hsieh, A. P. Shapiro. A. L. Wachs, and T.-C. "~P. Lautensehliger, S. Lopothetidis. L. Vina, and MI. Cardona, Phys. Rev.

Chiang, Phys. Rev. B 34, 6704 (1986). B 32, 3811 (1985).
-"'A. Will, A. Franciosi, Y. Gao, J. H. Weaver, and J. R. Chelikowsky "Y Kedeiz J. Ph%.s. C 1I L.:07 (1 QS)I

(unpublished).

J. Va': -,c, Tectnol A V'nt 7 Nnr -7 '4aVf,," -090



Strain-assisted p-type doping of I-VI semiconductors
Shang Yuan Ren
Department of Physics. University of Notre Dame. Notre Dame. Indiana 46556 and Department of Physics,
University of Science and Technology of China, Hefei. Anhui, People's Republic of China

John D. Dow and Stefan Klemm
Department of Physics. University of Notre Dame, Notre Dame. Indiana 46556

(Received 30 January 1989; accepted for publication 24 April 1989)

By incorporating a II-VI semiconductor into a strained-layer superlattice, it should be possible
to overcome the effects of deep hole traps near the valence-band edge and hence to dope the
semiconductorp type in many cases. This idea is illustrated for CdTe/ZnTe superlattices.

I. INTRODUCTION <0.25 eV above the valence-band maximum of their host

For many years, efforts to fabricate efficient light emit- semiconductor might be converted into p-type dopants by

ters, lasers, and other optical devices from large-band-gap subjecting the host semiconductor to a strain obtained by

(green to ultraviolet) II-VI semiconductors have been frus- incorporating the host into a ,attice-mismatcled superlat-
trated by the resistance of these materials to tice. For example, the CdTe/ZnTe superlattice has a latticetrte mimac thf resistanc (Rfs 6hs andral 7) aopng thesrane-h
cially p-type doping. There appear to be four main explana. mismatch of 6.3% (Refs. 6 and 7) and the strain in the
tions that have been given for this problem: (i) superlattice can cause deep hole traps in the unstrained
Self-compensation: common dopants, such as column-I im- smaller-gap material, CdTe, to become shallow acceptors i
purities. are believed to simultaneously produce anion va- the superlattice.cancies when they occup: column-lI sites, and the vacancies In this regard we note that acceptor lex els ir CdTe havecances hentheyoccp! olun-IIsits, nd te vcanies been reported at 58, 59, anti 60 ineV at, , c the valence-band
compensate the dopants', (ii) large acceptor binding ener-
gies: because of the large effective masses (typically maximum for Li, Na, and P. as well as 147 and 108 meV
m*=1.35mo for CdS) and small dielectric constants for Cu and Ag.' We believe that the Li Na, and P levels are
(K= 8 9), the acceptorbinding energies, E8 = 13.6eV (m*/ genuine substitutional shallow acceptir levels, because tleir

are often 60-200 meY vs 10-60 meV for te more energies are almost equal, the small differences being attrib-

common III-V and group-IV semiconductor materials, and uted to central-cell corrections. We identify the Cu and Ag
hence the acceptors are less easily thermally ionized' 2; (iii) levels as deep levels (with qualitativel. different wave func.
low incorporation probabilities: for reasons that are not tions from shallow levels") that lie relatiel' close to the
presently understood, p-type dopants may not incorporate valence band and act as hole traps. Becnu,. the strength of
efficientlv-recent experiments - suggest that this incorpora- the ordinary central-cell potentials fot , liectrons of Cu and
tion can be dramatically increased by photoassisted doping; Ag are intermediate between those of L,. ,id Na on the one
and (iv) deep-level formation: impurities, even the dopants hand and P on the other, "' we beliee tha the Co and Ag
themselves in some cases, form deep hole traps and impurity energies are not shallow effecti'e-mass theory energies.
energy levels in the gap that capture any free holes. Therefore, a goal ofthe present theory, as applied to CdTe, is

In this paper we focus on the issue of deep-le el forma- to predict the layer thicknesses of CJel'e ZnTe superlattices
tion and prescribe a method for overcoming the effects of in which the L;'. Na, and P I'. ek. remain.shallow (in a CdTe
deep hole traps that are moderately close to the % alence-band layer) but Cu and Ag become shallo,. aceptors rather than
maximum. deep traps. We shall sce that this should occur, due to inter-

Theories of column-V impurities o, .. ip ing colu'nn-VI nal strain, in small-period N, ,, superlattices for
sites in II-VI semiconductors indicated that, forthewurtzite N UcT,/NZ,,T < l in the case of 10011 ,uperlatices.
crystal stru.ture, these expected shallow dopants often pro-
duce deep traps instead,4 but in the zinc-blende structure II. QUALITATIVE PHYSICS
they produce shallow acceptors. The observation of a nitro- The application of hydrostatic pr,,,sure to a semicon-
gen level .100 meV above the valence-band maximum of ductor shif:s the band edges \.ith re.,,pect to nearby deep
ZnSe lent supp'rt to the theory.' Hence small changes in the levels.'" Likewise a uniax,, l stress sphn, the valence-band
local environment of a substitutional impurity are perhaps edge and shifts the conduction-band .,:!e, relat:ne to the
sufficient to change the character of a p,'t..tial p dop:,n, energies of deep level,,.'- Furtheirmore. deep levels in super-
from a shallow aceptor which provides hole carriers and lattice, crudely speaking. have almost the same absolute
enhancesp-type conductivity to a deep impurity \% hich traps energies as in the bulk-but the b.,nl ed c, of the ,uperlat-
holes and tends to make the material scmi-insulating rather tice are significantly' perturbed from t:tc bulk %alue.i"I
than p type. This sensitivity of iipurit\ character tu envi- Thus. i, a crude approximation, \ may regard the dee,)
ionment suggests that r:'.ngue of pertutb, it u\ of the hos energy ie N aoscijied \itlh impurities as jhnost constant
semiconductor may con% ert :. deep hole trap into a p-type in energy. \ hile hydrostatic pressuie. uni..mal stress, or
dopant. In particular, this paper discusses the possibility quantum confinement in .. supelattict cause the semicon-
that impurities th.. might othrx\,se p;uduce ep holetraps duc .: ,. band edgec to mo cconsd,.:,bi., This \xiewpoint is
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illustrated in Fig. 1, where we show the fundamental band 2.00-

edges of CdTe with a deep trap level, and illustrate how the1
band edges move when perturbed (assuming the absolute\ /
deep-level energy does not change). An important point is i0jr

that when the valence-band maximum moves up enough in
energy to cover the deep trap level, the impurity changes
from a hole trap to a shallow acceptor, because the hole is M a ~
autoioni'ed, and bubbles up to (he valence-band maximum 8
where it is trapped by the long-rangvd Coulo'nib potential of w r0  f \7/\ I
the impurity. (See Fig. l.) Trhus by "covering up" the deep .0

tranp levels in the gap with the valence band, it is possible v,.
convert the traps into shallow acceptors and achieve p-tvrte
doping. This "covering up" is termed a deep-to-shallcm .00

transition.r 7 ( \
F,drostafic prcssure causes the valence-band maximum ( ( b) /I c)

to move up slightly in ene.rgy while the conduction-band(C
minimum moves up even more.'" The motion of the valence- FMG, L Schen. tic encrgy-b-ad smructure (ener,,v in.v i' ctr)o
band maximum relative to the deep level is typically of mag- Cdv lutaigteqaiaiec ne nte~.jebn~ecidr ofuc

nitude =I meV/kbar, " and so hydrostatic pressurmt can lure %vith respect to the deep-level energy. ta iTfic huik~seniteoiducto, ' ith
only "cover up" deep levels ;,.0. 1 eV above the valence-band a deep icvei uihin 02 cV orfthe %akci-band ed,-. The r-an~ r n.,ids
maximum, even If thc pressures p are v'ery large (almost were p-like bands that split due~ to the large spin-orhiz interacioint Cd rc

impactcaly arg):~ 10 kaI (b) The application of 50 kbai hydrostatic prebsttrL decrcases the ect1C
imprctic~y lrge) p 10 kbr.hetween the impurity lc~cl and the valence band slichtly. (c) 10 kbar of

Uniaxial stress can be more effective in iztducing adeep- untaxial stncss splitsth &;' and% andcan -co er up" h. decp hole trapand
to-shallow transition that converts a deep trap to a shallow make tian acceptor (dt A 2,,4 1Uperlj:tiLi%e'en better ihan large uni4.\.

acpobut externally applied uniaxial stresses much 12' "tresintath telvcisb'rceednteitntttani-accetorduced band splitting.
greater than 10 kbar ordinarily can fracture a semiconduc-
tor. Under u.niaxial stress, even a I 0-kbar stress can covet up
levels within =0. 14 eV of the valence-band maximum.

Internal strains in a lattice-mismatched superlattice wvould be unattainable wvhen applied globally to bulk semi-
such aN CdTe/ZnTe clan move the valence-band edge tenths cnutr.Teeeomu tan a oetevlne
of an eV. We shall show that small-period superlattices can badm ium piner y Q2eVcorngpay
be arown which have such large internal strains that deep dee trap nertevlnebn mxmmo tsri
trap levels within about 0.25 eV of the valence-band inaxi- CdTe.
mum can be covered up, making them shallowv acceptors. To simplify the discussion. we shall make the assump-
This should be -.-.i Important mechanism for producing p- tio that ;ne relevant deep levels have abmiduzi. cinergies that
type doping, because in CdTe there are many, deep hole traps aeucagdb nenlsris ihtt pr~iain
with energies around 0.1-0.2 eV above the valence-band weneolypdithehitndsttigfte aec-
maximum, including traps associated wvith Cu and Ag.' admxmmcue ysrn.addemn'i ephl

For [001] superlattices, every iaiternal stress a can be traps 0.imum~ e d b tn "aiec-nd rinat- deep oun

sreresne: sac m iain o h dottc a d uixa strained CdTe will be ccovef d up by the strain-induced shift
streses:of the valence-banJ maximum.

ahdo= (ka- + Cr>, + 9:. )/3 1.) FODIRMAL
and In zinc-blende semiconductors the top o, iiii ;-!,!nce

O7un, =o'._ -a,,11. (2) band is threefo,, degenerate and p like tn ,nonrelativistic
band theory. Inclusion of the spin-orb:, interactuon splits

In a typical I X I CdTe/ZnTe supct lattice the CdTe internal this deoeneracy into a r, dotthy% degenerate J =3/2 va-
strain corresponds to hydro~static pressures of -10.7 lence-band m.,ximum and a nt'ndegenerate J = 1/2 1, band

k* r and a uniaxia! stress of =16.0 kbar. Hence the heteroe- below it. Strain further splits the bands, leading to a Iiarlil
pitaxy of the superlattice allows one to reach local prcssures tonian matrix in the IJ,M, > pseudo-angular momentum
and stresses (without damraging the seicondtictor) that basis for the vasknce-band maxima a, k = 0.

3/2, 3/2 > 13/2, 1/2 > 11/2, 1/2>( E -!- (E-)12 0 0
0 &SE, --(6-1/2) (l/\,.)&ES (3)

0 ~( I\ ) 6Ea, - ', E
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Here we hay.- used the notation of Ref. 17: A, is the spin- E U - U-0 (7)
orbit interaction parameter, bEl, and 6E,,. are the enecgy and is
shiftcs of the rekcvant bands induced by the isocropic strai1 or A -, 65E$12- (d, + 2d:),-/2. (8)
dilation:

=(U,, + UY,, + u..)13, (4) (See the Appendix.) Taking the deformation potential con-
stant for CdTe :,) be (d, -~ 2d,) =- 4.59 eVt the value for

and 6Es and bEs. are the shifts due to the anisotropic part Of GaAs,'17 we find the re~!sof Fig. 2.
the v:rain, and the :-,ro of energy is the unistrained valence-
bc- id maximum. Because the energy shifts (with respect to a VI. SUMMARY
nearby deep le vel) induced by the isotropic parts of theclayinealsrnsanasetevece-nddg
strain"t are azaout an order of magnitude smaller than the oCleal iandernal strabinscnduaise th alewe tang

anisotropic-st rain shifts, the upward valence-band shift in- ef Che(nd he ,1V semiconductors)wchdi a tii oin f-ay-

duce byint~nalstran i ver nerlyer superlattice or hetcrostructure. This should hse enotigh to
AEb b Es12, (5) cover up the deep levels at cnergies =:O. l-C.2 eV above the

and is due to the anisotropic strain. unstrained valence-band naximum and cu':vert these deep
hole traps top. :ype shallowv dopants. (Of course, the precise

IV. (001] SUPERLATTICES extent of this effect should be evaluated by comiputing the
deep trap levels in a strained-layer superlattice,i" ra0.

For 1001l) superlattices, the valence-band shift is related thnaumgtathedylvlsreopltyuatrd
to the strain tensor components u.. - u,. by bthe aqrin tat e aet, h eesaecmltl nlere

AEb - SE12 = (b, I + 2b,) (u.. - uvx) (6) By sandwviching a II-VI semiconductor between materi-

where III and b, are deformation potential constants. " Since als wvhich have a different lattice constant, as in I a~nd
wve ha% e been u-nable to find tabulated values of b, and b, for layer superlattice, it will be possible to mo'e die svni~on-
CdTc, we estimate 0~, + 2b,) = - 1.76 eV, a value typical ductor's valence-band maximum up in ene~rgy, bo that !2eep
of semiconductors (,or example, in GaAs the measured val- hole traps lying wvithin 0. 1-0.2 eV of the unstrained 'Valence-
ues rance from - l.t,6 to - 2.0 eV, in Ge a typical value S band edge will be autoioinized and %%ill become snallov aic-
- 2 1 ev). rhe strains u., and u,, in CdTe can be related to c.-ptors, doping the Il-VI semiconductor p type. We bc' Ce
the bulk lattice constants aCdT. and aZnTc ,.id to the laver that this merchanism of conditioning Il-%* 3emicon,'.,,:ars
thicknesses of the superlatticc: XCdT, and *VZnTe, as dis- fcrp %,7,!~i is m~ost hkely to be successful in coinmon-
cussed in the Appendix. Figure 2 shows the theoretical pre- anion heterostructures and superlattic.-s. such as C S., 7.1&,
dictions. CdSe/ZnSe, or CdTe/ZnTe. The reason f'or choosing :om-

mon-anion heterostructures is to minimize the absolute val-
V. (1 11] SUPERLATTICES ue of the vakence- t anid offset. Ifne Cd~rf valence-haad m, 'x-

In I I sperattce, te vlece-andshft s mst imum lies abovc the ZrnTe valence b~iid, then quawaium
einy (1atdto] supearices a th e ae-adsif: sms confinement will tend :)drive the valenecc-band maximum

easiy reatedto he sear ina Cde laer:down in e'nergy (and inhibit covering of the deep levels); but

if the CdTe v'alence-band maximum lies below the ZnTe
maximumrr, holes will tend to be swvept out of the CdTe layer.

0.3 -We hope that experimentersA ill attempt to grow such struc-
tures, and det.ermine ,'they are indeed more easily doped p

0 (001* type, as wve predict.

.. 0.2
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Ratio of CdTe to ZnTe Layers

FIG 2 Energyshift .IE, in ev t ~ he ratio of CdTe to ZnTe APPENDIX
laver thickness.-s r).-rrmation po-enia theory predicts that decreasing The rele,. ant parts of the strain tei.,or u for evaluating

theiacr hi.j~ic~ .in ~ ,,~,for CdTe/ZnTe superiatiices in- AE,, can be calculated using continuum elasticity theory.'
creases strain, therev) shiating ine %aience-band maurnmum up relative to
re deep level by up toO0 25 eV for [0011 sup.rali~~.s topen squares, This For a (00! ] superlattice, the releoant straw tensor ele-
vefect is Meaine] weak in [11 I s uperlatices oWi. circles) ments are u,, and u.: (see Eu (6)1J. The b'oundac y condi-
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tior~s are that the in-plane 1. iice constants a. of the adjacent aCdT, ( I + ACdT, - ECCI-I, a Z,,T,, ( I + AZnTc - 6ZflTe)

layes mtchone noter:The increase in elastic energy of the superlattice is
alIC~le =ajj~~c IW =NUdTI WCMT + NZ,,l, HZTv,

and are related to the bulk lattice constant through the strain where in e~ach CdTe layer we have
tensor U,,: 

A
0 1!CdTc = a~cC( + UX .CIT,) WVCdTr = (3/2) (CI~ Icd-r, + 2 c,2.CdTe CAdTc

The constraints are + 6C44,c CT dc'

UA. =Y,, By minimizing the total elastic energy of the superlattice for

=0 ~fixed NUdT. and INZnT, we find

an xy y: 
6 CdTc 12 - (aCdre - t7n~ )/ID,

aCdTC ( + Uxx:,cdTe) = ZnTc ( + Uxx.ZnTc) where

We assume that the layer thicknesses are sufficiently small DI= l 2 NCdTcC44.CdT/0Cdrc,

that we may take the strain tensors UUdTe and U7,T to be D2=l 2 Nz, T.C44Z.T,,/aZflTc

constants. The total elastic energy of the superlatrice is DI= (CI1, cdT. + 2c, 2~, + 4 c4CdTc ) aCdTV

IV=NCdTe if CdTV + ArZ~ ZnTt' I (c, icjT,: + 2 c,2.cdT,),

where D-= - (CI1 ZTe + 2 ci2ZlTc + 4C44 7 I )aZ,,T,/

11"CdTt = 1/2 ) Ci ':Cc (2112.%CdTe + U::LCdT, ) (c1 I.Zi + 2CIc )I
+ CI2.(dTc (U,,,,cdTv. "x:Cd Fe and
+ 2U.%,Cd1(l., U=Cd8 c ) D = DI ID,, - D12D,1.

is the increase of elastic energy in a CdTe layer (with a simi-
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and C14 have beecn tabulated" for both CdTe and ZnTe. The 4, 2453 (1971 ), and references therein.
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An expianation is -roposed for the Nct that ZnTe is unique among the II.VI compound semricon-
ductors in that it can be doped p type rathcr easily: a p-likc deep-level resonant- lies within the
valence band of ZnTe and emerges into the fundamental band gap with increasing Se content x in
ZnTe1... Se, randomi alloys. This level generates free holes when it lies below the Fermi energy in
the valence band, making its parent defect a shallow acceptor. When the level moves into the gap,
the impurity becomes a deep hole trap. The native and foreign antisite defects ZflT, and LiT, art.
suggested as possible parent defects of the relevant deep level. they are predicted to be shallcw .-
ceptors in ZnTe, while the corresptonding defects are deep traps in other 11-VI compound semicon-
ductors. Tests of this proposal are suggested and the subktituticnal s. and p-bond.-d deep lcvels of
ZnSe and ZnTe are predicted, extending the tiaory of Hjalmarson et a/. (Phys. Rev. Lett. 44, 810

(1980)]. The possibility of doping ZnSep type with (antisite) Be is also proposed and discussed.

1. INTRODUCTION or the relative solubilities of impurities in different hosts.
We propose that p-type conductivity is most easily

Most wide-band-gap Il-VI compound semiconductors achieved in ZnTe of !he II-Vi semiconductors because
can be easily doped nt type, but resist p-type doping. The defects that produce p-iikc oeep traps 1, ing slightly, abo% e
most notable exception is ZnTe which is easily doped p the valence-band maximum in most II-VI semniconduc-
type, but not n type. The different and singular d'nping tors instead have these levels lytng below the band edge
behavior of ZnTe is not presently understood. in ZnTe. Each such level for a neutral defect is naturally

The purpose of t.iis paper is to offer an explanation of occupied by both electrons and !. ,le! whvn it lies within
this difference in terms of a defect that undergoes a the fundamental band gap. aaz-- so can trap holes. When
shallow-deep tranisition as a function of alloy composition the level descends below t-- vaince-band maximum, its
X in ZnT e I.,Se, so !hat it is an acceptor int ZnTe but a holes are autoionized and ticcome carriers at roomn tem-
hole trap in ZnSe. We present calculations that suggest perature. (At zero temperature they are trapped in shal-
that such a transition cccurs for the native and foreign low acLCeptor levels.) Hence . emts generate holes in
antisite defects ZnT, and LiT, in ZnTe. And we suggest ZnTe, but trap themn in otl-er scmniconductois. More
specific tests of the explanation, which ;ias a firm, but ad- spe.;-fically. our proposal is that the native anti.,te defect
mitt-.dly not '-nshakable, zhe oreticcal fou. dation. Indeed, Zn on a Te site, ZnTe (and even the antisite dopant LiTd)
the reader should accept this, work frir its intended pur- is a shallow ..oceptor in ZnTe and dopes the material p
pose! to sketch a simple model w% . . can be tested ex- type, compenbtirg any n-type :mpurities tha-t might oth-
perimen~ailv and which appears tc. )fler an explanation of erwise ;;,emrselv'es compensate jcceptor : In other II-V'I
the p-type. doping proclivity of ZnTe in terms of the naru- semiconductors, nei.,her the cat ion-on-araon-ste Jefect
ral occurrence of certain deftcts. The theoretical tools nor antisite Li :;-Ids a shillcw% accpior, bu! :nstead pro-
are presently not available to predict with 100% du:-.s a dee . r !.-vel in the fundhi..nental band gap. The
confidence if these defects form in sufficient concentra- antisite defec:s Zns, rand Lis,) neim..,r dope zhe material p
[ion %;*,, precise!%. the electronic structures we find. Nev- type nor p~roduce thern~alyiii hoics; instead the'v
erthelcs, flnc picture we propvse is sirt-:ple enc-,..h to 'end trap carriers, holes in particu:..r.
itself readil% to experimental te-ts, while presenting an at. We arrved at the conclusion that the defect responsi-
tractive alternative explanation of the doping properties ble for the resistance of most If-VI semiconductors to p-
of ZnTe to mechanisms which rely on seif-compensation type doping might be tht! cat ion-on-anton-sitLe defect after
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having examined predictions for deep levels of all the s- Unanticipated deep-level formation may occur, in the
and p-bonded substitutional impurities in all of the mnjor sense that impurities such as those from column V of the
11.VI semiconductors. During this examination we asked Periodic Table, when occupying a colurri.,-VI site, may
the questions (i "Can impurities explain the different produce deep levels in the fundamental bard gap of some
doping proclivities of ZnTe and the other II-VI semicon- wurt.ite-structure II-VI compound semiconductors rath-
ductors" and (ii) "Does any impurity that is likely to er than the expected shallow acceptors.' 0 Indeed, it ;s
occur in significant concentrations have a deep-level cor,;eivable that the I-VI semiconductor doping prob-
structre that is different in ZnTz from in the other I-VI lem is a consequence of rather complicated defect and
semiconductors?" impurity dynamics. Currently there are many efforts in

The classical mechanism that has been proposed to ex- progress to overcome the p-doping problem by improving
plain the resistance of II-VI semiconductors to p-type the quality of II-VI materials, for example, by employing
doping is self-compensation: The introduction of an ac- molecular-beam epitaxial techniques of crystal growth;
cep.or such as Li or Na onto a cation site is thought to these efforts implicitly assume that impurities and de-
simultaneously produce an anion vacancy which is a dou- fects, not self-compensation, cause the p-type doping
ble donor and compensaic, the acceptor, leaving the ma- problem. - 14

terial semi-insulating or dping the material k type rather Clearly there are a variety of detailed mechanisms for
than p type.1 - 6 If the self-compensation mechanism is explaining the resistance of most wide-band-gap II-VI
indeed operative in most II-VI semicondu'tors and can- semiconductors to the p.type doping. However, a satis-
not be blocked for at least some p-type dopants, then II- factory explanation of why ZnTe is almost singularly
VI semiconductors are unlikely to become important compatible with p-type doping is lacking-and could
electronic materials, regardless of t.,±- purity of the ma- provide a vital clue for doping the other II-VI semicon-
terials. The self-compensation is thought to be an intrin- ductors p-type.
sic property of the doping, regardless of the quality of the The purpose of this paper is to offer a simple but gen.
undoped semiconductor: p-type doping produces corn- eral explanation of the ZnTe doping sin .clarity. This ex.
pensating anion vacancies. Therefore, the fact that ZnTe planation does not depe:d on any de:ailed model of
is naturally p type is an important clue to understanding dopant compensation or theory of the resistance of I-VI
and overcoming self-compensation tif it occurs)-and semiconductors to p-type doping. It merely asserts ton
perhaps the key to developing electronic-grade II-VI the basis of a theory of deep levels) that ZnTe is unique in
semiconductors, having a native antisite defect, Znte, that is a strong .-

The explanation often siven for the singular behavior type dopant, capable of generating holes and compensat.
of ZnTe is that its band gap is smaller than that of other ing donors of any origin. ZnTe is also unique in that its
Il-VI semiconductors,' - 3 and so the energy generated by antisite dopant LiTe is also a shallow acceptor, not a deep
the self-compensation, which is approximately the energ." trap. The electronic structures of these antiste defects
of the gap, is too small to produce a vacancy in ZnTe, but provide a simple, general, and experimentally ver.fiable
is adequate for vacancy formation in other I-VI semi- explanation of why ZnTe is easily .ioped p type, and al-
conductors, At first, this argument appears attractive, low us to avoid the more difficult issue of specifying the
because it correlates with the fact that self-compensation detailed mechanisms by which most Il-VI semiconduc-
is most commonly found in large-band-gap sew,'onduc- tors occur n type. Hence, instead cf asking "Why are
tors. Upon closer examination, however, the argument is ZnSe and most other l1-VI semiconductors n type" we
difficult to reconcile with the fact that the band gaps of address the question "what unique feature of ZnSe and
ZnSe and ZnTe are not very different or "ith the fact ZnTe causes them to change their doping proclivities
that stoichiometric CdTe, which has a significantl) small- from n type for ZnSe to p type for ZnTe"? Wc propose
er band gap than ZnTe, resists p-t'.pe dopng (although that ,he relevant fe:.ture is the shalioew acceptor character
less so than other I1-VI compouiids). Therefore we con- of the Znr, antisite defect,
lude that an alternative ex.',,nation of the singular p- At first glance, most of the mechanisms that might

type character of ZnTe is neeo:d. frustrate p-tye dopirg appear to be smooth functions of
Self-compensation by vacancies is not universally ac- the chemical om"posizions of the Il-VI semiconductors,

ceptLd as the mechansm by which Il-VI semiconductors and -' it is d:fficult to understand %%hy ZnTe can be
resist p-type doping. Some other explanations point to doped p type a,d most other Il-VI semiconductors can-
the different solubilitt,, of impurities on differer" sit-., no'. One might still expect that ZnTc ., Sc, (Ref. 15) or
and interstitial self-compensation: F,.r example, Na c:,.n (ZrnTe)_.,(CdSe), alloys (Ref. 16) %%ould smoothly
occupy a cation site as an acceptor in ZrSe, but bec.. . :s change fro-n p-t.pe to semi-in, ulating to n-type condc-
a donor at interstitial sites,' and so intersuital Na can t,'.tti as x increases. Hov ev~r the cor:'ept of abruptcompensate subs'izutional Na. Other mechanisms '...- de.-r-shallo', trans:,on," - or' impurity\ haracter as a
also been suggested to account for t:;e resistance of ;-\'I function of host ch, mical composition raices the possibil-sem!conductors , -t'pe doping: The acceptor bi::ai.-g itv' that a defect intimat-' inol'ed in obstructing the p-
enern, es of some I-VI semiconductors can be rather type doping in most Il!-V'l s..'miconductors mnih' !:a'e
large, >0. 1 e\ , making the acceptors difficult to ionize quite a different char.ctE."r in ZnTe. W- predict th-, the
therma:v a:--i frustrating p-type condjctiity." The in- nau'e antisite defect Znr. should be a sha;!o%, accepto-
corporation of the standard p-type doants in- a Il-VI in ZnTe, but tn, t its analog Zr. should be a deep trap in
host can be seve: 1) hmiteta b% the chemistr% of the hoi.9
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ZnSe. At the extreme, even Li (a common dopant) has an periments4 7 reveal a deep acceptor related to Li 0.2 to 0.3

antisite defect with the same character, changing from eV above the valence-band maximum. Since interstitial

shallow in ZnTe to deep in ZnSe. The deep-shallow tran- Li is a donor,' this acceptor can likely be associated with

sition of the antisite defects' characters occur abruptly as the theoret;cally predicted 0.4 eV antisite Lis, deep level,

functions of alloy composition x, and can naturally ex- and indicates that the theory lies only slightly above the

plain why ZnTe is p type while other II-VI semiconduc- data in energy." Thus the Li doping data for ZnSe are

tors are not. well described by the present theo:y, lending support to
the other thcoretical predictions.

It. MODEL Since the spirit of the present work is to understand
global chemical trends, we limit our discussion to a

Our model uses the well-established theory of deep lev- mean-field one-electron theory of neutral defects, and
els,' 8,IQ.'24.2 which has successfully explained a broad omit the Coulomb effects normally associated with small
range of data, inch ding the physics of the N trap in to moderate splittings of order 0.2 eV between different
GaAsi.,P, (which produces an energetically "shallow" charge states of a defect. 7 -  This simplification makes
level within <0.1 eV of the conduction-band edge in all of the energy levels associated with different charge
GaP, a deep trap more than 0.1 eV below the edge for states of a defect degenerate and allows a simple discus-
x--0.5, and a resonance in the conduction band of sion of global trends without concern for -any-electron

i7 flbltrnswthu ocrnfrmnyeeto
GaAs), .I9.iS rapid IllI-V-compound laser degrac,'ation,. 6  effects. Furthermore, the effects of these rather small
bulk and surface core excitons 3 in Si and III-V com- effect. can be included a pos:eriori with very little
pound semiconductors, intrinsic surface states, n ,33  difficulty. -3

Schottk Y-barrier heights,25 -3' and the deep-shallow be- Each of the s- and p-borded impurities has eight
havior (,, defects such as the DX center in Al.Ga ..,As "deep" spin orbitals with energies near the fundamental
semiconductors3 9  and GaAAl Ga1 _.As superlat- band gap, two A or s-like and ,ix T. or p-like spin.
tices.3 orbitals. Normally the energies of the TZ spin orbitals lie

In this model, deep energy levels are obtained by so] - above the A, spin orbitals, In fact, spin-orbit splitting,
ing the secular equation which is included in the theory, causes the 2", levels to

det(l-(E-H 0 )- ']=0 , split slightly into p31/-liIh'! r s levels -ind p/,2-like r7 lev.
els. However, for simplicity we shall refer to both levels

where H0 is the host Hamiltonian operator, V is the de- as T2 in the text, while plotting the spin-orbit split levels
fect potential operator, and the level's energy L is as- in the figures. (In the T,: double-group notation, A be-
sumed to have an in'initesimal positive imaginary part. comes r,6).
Hjalmarson et al. I have presented predictions of A The predictions of the theory for substitutional s- and
deep levels based on this theory. In a L6wdin basis' t of p-bonded defects in ZnSe and ZnTe are summarized in
sp3s" orbitals centered at each site'. the defect potential Figs. 1-4. These figures indizate the dop:::g character of
is diacnal :.na related to atomic energies.19 The host each element of the Periodic Table.
Hamihtonian is treated in an empirical tight-binding mod- A notable feature of the predictions is that the T, de-
el, the parameters of which have been fit to observed fect energy levels for Zn on either site in any host are vir-
band gaps in several semiconductors and follow chemical tuallv identical to those of the corresponding !: defect
trends from one semi':onductor to another. 2 Chnrge- because these atoms have essen:.:.iv the same atomic or-
transfer effects, such as those treated by Jansen and San- bital energies. This means, in parti.ular, that Zns, and
key, are not included explicitly in this model. Neverthe- Lis, have about the same energy !:'vels and the same dop-
less the model produced excellent agreement with mea- ing character, except that Zn pro% ides one more electron
sured surface states of ZnSe and ZnTe,33 and so is expect- than Li.
ed to describe well any localized perturbation assc,:ated Ficures 1-4 should be examined as follows: In general
with a defect. Details of the model ha-ve been pub- the -.-ep levels move up (down) as one move. to thc left
lished." '.... \Ve consider only substitut-onal defects be- (rizh:, across a row of the Periodic Table. The host atom
cause common interstitials such as Li and Zn are normal- has .4, and T, levels occupied in the valence band and
ly donors' and because most interstitials are notoriouslv A I %nd T, levels empty in the conduction band In the
sensiti\,e to charge transfer and the local environ- case of the Se-site Si in ZnSe, all the defect's eeis le
ment, 7 

- a property that we regard as unlikely to be above he orresponding Se levels, but the di'Terence be-

associated with the nearly universal doping properties of tween Si and Se is let enough bo cause an, of tRhe ocu-

II-VI semiconductors-although, we recomme.i the pied deep levels to move up into the band gap. As a re-
work of Chadi and Chang ' for a somewhat different suit, S. is a double acceptor (deno;ed 2.4) because i, has
viewpoint, two fe:',er :lectrons than Se, and th..se missing-elect,'ons

or hc~ts "bubbie up" from the ce-Lp S: levels in the

ilI. RESULTS valence band to the valence. 'and edee. %there thzy are
trapped in shallow acceptor Itels by the Coulomb poten-

As a test of the model's ability to describe defects In tial of t*.e ionized Si atom. Sar:Lr reasoning applied to
II-X I semiconductors, we first consider Li dop:ng of the empty leve. indicates that Br on the S: size ofZnSe is
ziac-blende-structere Z-.3e and find I. _ to '-e a shallo%, a single donor. Because Br i, more e!..-ctroneg:at-,.e :har.
acceptor, in agreement %%n, the data.-7 Fur.--r nore, ex- Se, its energy levels ie loyer : z.:.n i:oe o,' Se, b,:t tht
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0.3 Impurities on Anion Site in ZnTe Impurities on Anion Site in ZnSe
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, FIG. 1. Predicted doping character of~ Zn-site substitutional FIG. 3. Predicted doping charac:er for Zn-site substitutional
s- and p-bonded atoms in ZnSe. The character is denoted D for atoms in ZnTe, as in Fig. 1.
donor, A for acceptor, and I for isoelectronic defect (with no
deep level in the gap). If the impurity produces one or more

* deep trap levels in the gap, this is indicated for each atom bv the cupied by five holes and one electron, and an A I state
number of holes and electrons trappe- in those levels for a sin- below the valance-band maximum filled by two electrons,
gle neutral defect, e.g., 5h Ie denotes 5 holes and I -lectron-in and therefore is denoted 5h Ie. In some cases the defect is
a p-like deep level. See the text for further explanation. so electroposi:ive that the relevant occupied deep levels

pass through the gap into the conduction band, as for the
anion vacancy (which is infinikely electrpositive"0 and is

Br-Se difference is not enough to pull one of the empty Se denoted as the element "Va" in the figures). The A I and
deep levels in the conduction band down into the gap. As T2 levels of the vacancy lie in the conduction band, \ uth
a result, the extra electron of the neutral Br derect (rela- the six electrons of the T, level removed along with the
tive to the Se atom the Br replaced) falls out of the deep Se atom during vacancy creation. Thus the Se vacancy is
level in the conduction band, the Br is autoionized, and a double donor (2D) and has a false valence (F) with
the extra Br electron falls to the cond. rion-band edge, respect to Se, allo\%ing it to donate +2 electrons rather
where it becomes a shallow donor electron orbiting the than -6, because eight spin orbitals (2.41 -6T) !.ave
ionized Br impurity (denot ID). As one moves to the crossed the gap into the conduction band as the Se host
left in the Periodic Table, ti. eep levels that were within atom has been "transmuted" into u -acancy. Similarly a
the valence band for the host atom move up, sometimes Zn-site CI atom has deep levels derived from the empty
into the band ipp, becoming deep traps--as for Csse, conduction-band levels of Zn, the A evel is pulled do% n
which (when neutral) has a p-like T, level in the gap oc-

Impurities on Cation Site in ZnTe Impurftie3 on Cation Site in ZnSe
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FIG. 4. Predicted doping characer for T.--. %ubs:-:iona!
FIG. 2. Predicted doping character for Se-site substitutional atoms in ZnTe. as in Fig. 1. Note :nat tht Zn antisite Gefezt

atoms i- ZnSe, as in Fig I produce:s i shallow (quadruple (Ref 5 i 1 e
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ntotheikapiecause C ts more electronecattve than Zn, ZnjandlBe Antite-defect EnergyLevel.

Wiith tb in the A deep level and three in the conduction 0.s
band-' hence Cl produces a deep doubly occupied At level _Znj.,Ttl.xCdxS4c,.,

(2 e) and a triple donor (3 D). Some defects, such as oxy- 0.4 Zn...T.....xS.
gen on a Se-site in ZnSe neither chance the number of r"0.3 - . .

electrons nor introduce new deep levels into the gap, and .Znn.

so are termed isoelectronic (1). 'd 0.2 Z'ianio

By generating Periodic Tabies such as Figs. 1-4 for a t-

wide range of 11-VI semiconductors, we have been able to 0. ri
determine how the predicted characters of defects are .
different in various semiconductors. Here we discuss 0.0 B
only ZnSe, which has similar defect deep-level behavior Beanion
to other II-VI semiconductors, and ZnTe, which exhibits
unusual p-type doping behavior. .0.2

The theory predicts that neutral ZnT, in ZnTe is a qua- 0.0 0.2 0.4 0.6 0.8 1.0

druple acceptor (4 A), whereas native cation-On-anion-
site defects in other I1-VI semiconductors produce T2- Alloy Composition x
symmetric deep traps in the band gap: e.g., (4h2e) for FIG. 6. Predicted dependence on alloy compositi:n x of the
Zns, in ZnSe. (See Figs. I and 3). Charge-transfer and energy levels (in eV) for the anion-site defects Zn.,.. (solid line)
Coulomb splitting effects omitted from the model may ac- and Be3 ,,, (dashed) in (ZnTe),_,(CdSe),. The p3,,-like (pl,:.
tually prevent the formation of the quadrupole acceptor like) levels derived from the T. deep levels a.- labeled r, (r,).
state, but some level of acceptor character is nevertheless For x =0, and for a neutral ZnT, defect, the r. level is occupied
to be expected. (Sec. IV treats this issue in more detail.) by two electrons and the r, level by four holes.
This native antisite defect yields four holes to the valence
band and is a powerful p dopant in ZnTe only. More-
over, as a function of alloy composition x in ZnTe_ Se, nature of the antisite.defect doping mechanism, which
or (ZnTe)t-.(CdSe),, the relevant deep level should perhaps can be detected by a sudden change of dopirg
move from below the valence-band maximum into the character with alloy composition x in ZnTe_,Se or
gap-and the character of the Zn-on..nion-site defect (ZnTe)j_.,(CdSe)., by optical spe:troscopy (allowing for
should change rather abruptly from a p-type acceptor to a the fact that both the vlence-band edge and the deep lev.
deep trap which no longer dopes the material p-type. el have T, symmetry), or by pressure ot strain measure-
(See Figs. 5 and fji. Hence the material should change, ments which cause t'e deep level to move into or out of
rather abruptly, from being p type to n type. The abrupt the fundamental band gap.
character of this transition should be an experimental sig- Zn is not the only antisite defect that is predicted to

produce a strong p dopant. LiT, (although unlikely to
Zn and Be Antisite-defect Energy Levels occur in large corcentration.) is likewise a .hallow accep-

tor yielding nominally five holeV.: to t; ' %alence band.
The energy of the foreign antisitc i deep level is essen-

0.2 tially the same as that of native antisite Zn-and so sub-
stitutional antisite Li should also underg' a similar deep-

ZnTe.LSeX shallow transition as a fu:.ction of alloy composition.

0.1 (Note that this paper does not consider the questions of
Zn -7  whether the Li would be mechanizally stable on such a

site or whether it would naturally occupy such a site with
0.0 reasonable probabi);tv.) Thus, or example, -f we assume

an oversimplified situation for the Li dopin., of ZnTe in
. Beanion . . which there are no vacancies or other Jefects, and if we

-0.1 ... denote the concentrations of interstitial-, Zn-site, Te-site,
................ 7and Se-site Li by (Lira, [Liz., [LiTJ, and [LisjI, then the

-0.2 conditions for p-type character in ZnTe and ZnSe are

0.0 0.2 0.4 0.6 0.8 1.0 5[LiT +[Lizn I[Liu j > 0

Alloy Composition x and
-f[Lis]+ [ Liz ]-E[Lit,>0

FIG. 5. Predicted dependence on alloy composr:ion x of the
energy levels (in eV) for the anton-site defects Zn.,,, (solid line), Clea-ly the antisite Li could make a diffrence in the dop-
Lia.n (the same so!: hne). and , (dashed) in ZnTcZ_,SC$. ing character of ti., host, r.oLtdCd at concentration is
The pl/ 2 -uike level derived from the T2 deep level is labeled r,. large enough. Now, in an equil;brium situation, the LiTe
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concentration is likely to be exponentially smaller than ZnSe Cation-site Impurity Levels
[Liz.]. and so Li by itself should not change the doping
character of a II-VI semiconductor; but this example il-
lustrates in a simple case how the concentrations of the M606 "VW4
different point defects determine the doping character. &

Another interesting prediction of the theory is that Bc
crn an anion site is a (quadrupk")' acceptor in both ZnSe 3.0 C8NM
and ZnTe, while remaining *soelectronic when occupying >

a nsite. (See Fie. 5). This means that heavy Be doping It~
may also make ZnSe p type. -2 1.

On the anion site, only Zn, Mg, Cd, Li, and H and He X
are predicted to have different doping characters in ZnSe ~Z
and ZnTe. On the cation site Ar, F, 0, Bi, Sb, Sn, Ge, Si,
B, H and the vacancy have different doping characters. vB
See Figs. 1-4. Predicted energy levels are given in Figs. 0.

7-22. (Impurities with no deep levels near the funda-
mental band gap behave according to thq conventional
rules and are nrit displayed.)

It is noteworthy that the anion vacancy is a double
donor for both ZnSe and ZnTe-as anticipated by the Va Al Sl P S C1 Ar
extensive self-comrensation literature. This is a case of
fase valence, 3 because the removal of a column-All atom ~ S rdce epeeg eesi h a fZ~ u

shoud ad sx hles o te vlene bad, ot wo cc- to i. and p-bonded substitutiona! impurities on the Zn site. The
trons to the conduction band. The removal of, say, Te in impurities are indicated on the aolcissa.
ZnTe is achieved theoretically by driving its atomic envr-
gies to infinity as well as adding six holes. In the case of
ZnTe and other 11-VI semiconductors, this causes an A t ergv that produced an anion vacancy instead produced
and a 'T, level to move from the valence band into the an anion-site antisite Zn, then in ZnSe evtry antisite de-

lconduction band. fect would compensate rough'y two acceptors (or one va-
Within the context of the conventional self- cancy), but in ZnTe this would no: happen. Moreover, in:

compensation picture, each acceptor in p-type doped ZnTe roughly every two vacancies would be compensated
ZnSe is compensated by a do,.ble-donor anion vacancy by one ar.:isite defect, blocking the conventicnial self.
generated as a result of acceptor doping. If the same cn- compensation process. Antisite defects are con.mon in a

variety of semiconductorF. as argued b Van Vechten and
others.5' The formation energy should be less for the an-

ZnSe Cation-site Impurity Levels

ZnSe Cation-site Impurity Levels

* 3.0 Mwa W 4119 #6061 466% 46"4
CBNI

00- -- U-- -- CHN

0.0 VB

VaHH~eB CNO0 F Ne 8*4

FIG. 7. Predicted dee.p energ) levels in the gap (striped) of Va Ga Ge As Se Br Kr
*ZnSe due to s- and p-bonded substitutional impuritues on the Zn

site. The impurities are !rtdicated on the abscissa. Their occu- FIG. Q Predicted deep cnergy levels in the gap of ZnSe due
pancies, whe.n neL'.J1. a.' iandt, ated by open triangles for holes to s- anG p-bonded sub~ratuton. ' impuriieN on thr Z. site. Th.
and by closed c~rch-s for eiect roais -mu~;~ indicated on :.he aosci:,s:,
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FIG.10. 'Predicted deep energy lcee in-the gap of ZnSe due FIG. 12. Predicted deep enc.'Sy levels in the Cap qf ZnSe due
to s- and p-bonded substitutional impyrities on the Zn site. The to s- and p.bo1nded substitutional impurities on the Se site. The
impurities'are indicazed on the abscissa; impurities are indicated on -the :o.csu

-:isite~defect,-hanfor-the vacancy, and the number of art. in& the T, Zn deep level'in the gap (leaving it with-three
tisite~defects to be expected at equilibrium should exceed electrons and three holes). Th: re 6~ no p-type conductivi.
the-number of vacancies. Stated more simply,-it-normnally, ty. In coiltrast, the-same situvidr. in ZnTe-'leavet the two
costs less. energy to rearrange a bond than to breakAi. electrons from the vacancy --w.-upying, two of the- five
Hence in most crystal-growth processes, an adequate empty shallow orbitals, od b.,th 'Na 'and Zn1.1, leaving
numbe!r of Zn1., defects should be created, and the self- three thermally ionlzable holei and- p-type conductivity.
compensation would be expected to be hipotent I ,n tnTe Therefore, we~ propose -that -type conductivity is rather
but not inZnSe. For example (Fig. 231, in ZnSe with-one easily achieved',only in, ZnTe of tht comnmon 11-VT semi.
Na acceptor, one Se vacancy, and~oe Zn51 -antisite d-.- conductors'because only -in Znt, is the antisite defect,
fect, the shallow Na-acceptor level is filku by on e-of the ZnT, A shallo w acceptor rather thaii a deep trap.
vacancy's two electrons, with the other~electron occupy.

ZnSe Cation-site Impurity Levels ZnSe Anion-sitte Impirity Levels

&%& 4W&~I '*W 4kW 4MQ

3.0 
Ca

II~~~~i I ~~______C~

- - -: - 1.5 ---

-9 1

0.1 - .0- - -V

Va X Ca Zn da R b Sr Cd. In.

Nal Pl Bi- io' At Rn
-#IG. 13. Predicted deep enieray levels in tht, Sap of ZnSe dnt

-FIG. 11. -Predicted deep ecriv levels in- the gap of Zn~c due to i-and ponded substituziinal in-purities dn he Se site. The
to 3- and -dopedsubstituzioiial- ipur:-e.s oh t1~Zn site. The imnrrities-are indicated or s~a Al (not shown) has a
imp urities are indicated on the abscissa. similar e~toi structure'to Ga.



43' 43, . -YEDPN'POLVT FZ

Znge Anioi-ifte Imhprity. LeveIt :ZnTe:Cati6n -site Imprifi~
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FIG. 14; Predicted decp energy levels in the Sao of Zne due FIG. 36.'Predicted deep energy levels in the gap of ZnTe due
Jue to-:- and p-bonded substitutionnl impurities on, the'Se-site. The to s. and ip-bonided substitutional impurities on -the Zn site. The
-he, i purities are'indicated on the abscissa,. impurities are indicated on the abscissa,

IV. P]OTENTIAL PROBI.N1M$ WITH THENMO DEL 2nSe-,apparently, As-,ore-easilrr-doped--r 'type; In-our
Two oncrnstha wehav abot te'teor ar (I an mod'el, -the, n-type dopants, must first compensate all'the

exp Ilanation is, required- of why, 11-VI semiconductors oh antisite defects, after which they. produce donors.-and
YO ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~oh the hsc stesm o nt n~~,1oeewer thawZnTe have an n.Iype-dqping proclivity and (Hi) the eL hsc stesm o Z~ n-ne oeew

ve omissionof Coulomb effiects from the theorycould cause suspect that there are fewer Zns,- defects, in ZnSe - than
-'s orlelpeitostbeieromoeta-wcuen- omparable antisite defects in ZnTe,'basicallly because Zn

ly believe, is more-simnilar to Te-than -to -Se both in its atomic size
tr and its electronic energy levels.. Doping the semiconduc-

4. A. -type opingtor n- type with, say, Ga' coushl exacerbate- such
A. n~ype dpingdifferences. Therefore we believe-that the n-type doping

If the antisite defectsalone occur-in-the samet-conicen. differences of ZnSe and ZnTe can be plausibly explained.
irations- in ZnSe and ZnTe, -then o-ne must explain why

-ZnTi Cation-shte Impurity Levels ZnTe Cation-site Imhpurity Levels

f 3.03.

.Z Z

Ala HHeB C NO N D Ga Ge A,, Se Br Kr

SFIG. 15.- Piediced deep energy levels in the gap of ZfiTe dd~e FIG. 17.- Predicted-deep enurgy :evels in the gap of Znite due
;o s; and p-bonded substitutional- impuritics on the -Zn-site. The, to s.-and 9-bondcd substitutional-irpurities oft the Zn site. The

ivties are indicated on the abscisa. irripurities ate indicated on the'abscissa.
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FIal ca. Predato ich degeneraly leei thate posto-f cagn of ZnTe u G a0. Pdcte heorle sin the po Z ffeve du~be
tohe. and, ded suesui wuinmuit i es to the Z itvle. he to the and .bncsubstittioalximuriTis, n hTsite Till
impur-tesge ni~ated on20. teV -bsciwsr imptenry.o'cursae ndicaleed toone abscina. aot .43

tt ns lve it, B.ec oomb S n e dge(ictnse reacdon aneiical'r trappeid-in, thodeelfekc17
chare stte) Thee teoris d-.no~agee, oweer, tro(n,fict strctere -and mnorae) hceom -thect onTIIvl

terecs lo aino h nurl deep l~ nlV ~icnut.Tev ore Wh ons mare, sitly thegapg afr eufrtr deeco n eton ins
tal calculntithos whics ienel agree taethe posindofil chargin oh Zn.e. er tesin te Zn deepoleve "bubble
the,,ZfTherde lwteve ~vtplaect the elne vdalence up" to the valence-band maximum. Thircoing ill
wth Zntlevretl ithretito dth ne andegel ie any e~or-doubh acceito atern trappe a-,u~in fl the d ep.

the resnt heoy pucesin he n~evalnce and whle raped nte Zn(ioe.-siter Ineprtwo Lelsbbl

ZnTe Cation-sitt Impurity LevelsZneAinitImutyLvl

M&W 4 44hM, 4"% 4 It

3.0 &0 1

Ls I

Va P i P t R a 'K Ca Zn Gu Rb Sr Cd. In

FIG. 21.TPridicted deep energy levels-in the gap otZ nT, 4u
FIG. 19. Predicted deep energy levels in the gap of ZnTe due to s--and p-bonded substitutionat impurities on t6~ T e site. The

to s- and p-bonded sub,6tutionai impurities on the Zn site. 'The imou rities- are indicated on tht -'bscissa. AI-_(noti)'-bWn),has a
impurities are indicated on the abscissa. similar electronic structure to Ga.
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ZnTe Aniioni-siteI iipurity LeVe'ls o hsteaiaiepyis ,vnn oigpo
-cliVty'WHFl'6e tes ame lidg h:i~bro f~

Opepepde~ctWi nalierth Ionga the A pJIe
of il~ebtra[vT~ d~~W~&rtdxly~-j'reditedAt Li

' CE The second' -and third" theories- are, local-density-
-theories for a idefectin ia -supercell,' ofi in ite, sizie, and' p ro
duceis levels for the neutra'l defect ,Zn~T, somre hat hieher
-thiihthe lees4 ofthe, pre sent, theory;. :Hovever,- duetio,
-the finite ~size- of-the'supercells the ,predicted le vels ,are ac-

theoryty 1-' kntiih -,o-produce incorrect bn,

'The second- teory ijs the tight biniding like4verion ofd
...- -4.. .4. ,,. lcal-density' -theory _discussed, -by..Jansen and -Siinkev,

_____________________________While the, third is a pseudofunction ~implementationof
Va Cs Ba Hg 'I' lcal!density theory. -e executed' the 'pseuddfunction

calculations ,for -iupefcelli-fN''A 6,and -N,- 32,atoms,
PVIG. i2. -Predic-ted'deep energy levels inhchi io 6f,-ZnTe due, and, founid;sthat -relative to the, valenrce-banldmaximum),

to s-and p.bonded substituiionil-impuri tkson hle-Te site. Th.e ihe -de lvlrovedtdown in energy'-wit h-increasing su-
Ampurities-arc indicated~orv the abscissa.. percell'sizt,,as- ihe level's -width,- decreased. Perhaps the-

"local-densit-theoty, level Is-of ZnT., would-also liein, -the
valence band, if, th'e supercell size, were -ncreised, until,

Sa)(,b)Y convergence were achieved.
*We conclude-on th basis ottN ,hese ,theoriesh tl at , we can.
C Zne Zne no defnitively place the nit~iril Znt..deep level below

theZnT-valencebandmaximum~nrcnw lc ii
the gap definitively. Therefore-'the issue-of the location of,

A this level will have to be determiaed -experimentaly
3 shallow In this regard-we-note. that Li doping produces a mys-

dexium, and, no, corresponding level in the gap o

S ZnTe-as the present, (f -4t) theory predicts. While this
fact lends credence to thc -present theory, it does -not

deep .confirm the theory unambiguously (because, the nature of
_________________ the Li-rekrted defect-is uniknown).j t -.....shallow ~----~.We conclude that there- is good circumstantial -evidence

for the. ZnTCdefect yielding a d- :r level in the valence
dee 'band. ofn nTe,.the -kind, of -deep level,-needed to explain

t he p~type doping proclivity of ZnTe. The case is not air-
Naz VseZn Nz~Vfr 0 ZfTC tight, appear's-to be unresolvable by theory, and' calls for

careful experimental investigation. In particular, careful
FIG 2. Ilutrain (a slf-omenstin i-te pesnceof studies of the del;ensdenre of doping proclivity, onFI.2.-luain g a)d'(h'-comenstio inh bysec of -stihiometry and on alloy composition in- ZnTe1... ,Se,,

An Zn~ efec Th e self-compe%n n isaution db might confirm or exclude the present model '(Noetaa
in Z~e~Theselcomc~. .~hnis asume tht dp. rather sudde:: chance in doping proclivity as a-function

ing with an acceptor such as Nazk-leads to production of a cornm falycnetxi mpidb h rsn-oe.
pensating cdoublc-donor anidn- vacancy. For simplicity we as-
sumne that there are only three defects: Naz., the aibi vacancy.SM AR
V... and the Zn.intisites-Zns, and ZflTt. In both cases, an
electron (solid circle) from-the a nior. vacancy's shallow donor T
level compen-dtcs (solid lines) the hole (open triangles) of the hviwonpestdhr saditdyom ht
Naz, defect's shalloN acceptor level. The remaining vacancy. oesml~d-nte neet ~tlsrtn h-setaelectroniis trappd(ahdlns a yteZ~de eei physics of the problem. Nevertheless we hope that efforts
ZhSc or Mb by the shafliowycceptor 1l!v-. in ZnTe,-because the totO-ti ipepcuewl eatmted because, if
holes of the ZnT, deep T., !evei-have bunloled urp (wiggly lines) to the pilcture is correct as we believe. then schemes for
the shallow acceptor !4vl oh ~niigtrehlsi h verwvhelm~ing the-p-type doping problefm in some other

* ZnT, shallow level are thermally ionizable in-ZnTe, render th Il-VI semi-conductors than, ZnTe w~ill be feasible.5 Two
self-compensation by-the vacancy impotent, and dope the ma- obvious schemes are (i) to grow ZnSe under conditions
terial p type, whecreas the holes in the deep level of tnSe are not unfavorable to Zns, formatiion, and *ii) to ens!itteer the
iherrmally ioiiiza-bje, so that :,1-t!Z ns level traps bo:h ellectrons electr~nic structure of a perturbed version: of ZnSe so

* and holes, reducing conductivity, that the antisite defect's deep level is- resnnant with the
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,simhilartio tihaw predicted ,for ,the 4Zni(a nDt')antisiede- e r£rtefu~t th .. Ofice of, Navl RAesearch,
~fct. hemoelfo te p6,4pdPihg,4iIl.still be,,valid the t. i, rcOfc'tiitfiReachaidtht

iftohdet ,has similar,,lcrt e U.S. Defense Adyainced ,KeteArch lrojects A:gency for
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Scanning tunneling microscope images of native antisite defects at the relaxed (110) surface of
ZnSe are predicted. The images of a particular sample depend on the sign of the volhage bias and
the voltage sweep of the sample relative to the microscope tip, and whether that sweep causes a
deep level to actively participate in the tunneling. Under certain conditions the images give the
appearance of two defects at incorrect sites.

1. INTRODUCTION trons below the valence-band maximum E., and we inte-

In this paper we report the .rst theoretical scanning tunnel- grate from a =E - Eo to6 = E,,and add in the co ntribu-
ing microscope (STM) imiges of surface antisite defects on tion of any occupied deep levels in the gap within the range of
the ZnSe( 110) surface. This work was stimulated by mea- the voltage sweep. Hare we compute the STM image ob-

surements imaging II-VI semiconductor surfaces by scan- tained by measuring the current I for a tip at a fixed distance
ning tunneling microscopy,I following earlier experiments z above the x-y plane, which corresponds to the plane of the
on GaAs. 3 We follow the theory of Tersoff and Hamann' unrelaxed (110) surface. in the present work, we use thewho have argued that an ideal STM obtains an image typical value z = 5 asoh,, where aBo,1 , = 0.53 A, and sum Rover 25 unit cells on the surface. (Subsurface contributions

1(r) = fdE .R are negligible.)
I ~Our calculations of STM images employed established7

X (ib,Rjc5(E - H) 1i,b,R) 10I (r - R - b ) I. empirical tight-binding Hamiltonians H, and-H/..to repre-
sent the relaxed perfect and defective ZnSe( 110) surfaces,

Here we have &(E - H) = (- I/nr) Im G(E + 10),where respectively. The relaxation consisted of a rigid rotation of
i0 is a positive imaginary infinitesimal and G is the Green's th e ain uplouto e su e pla rogh an ng

function for the relaxed (110) surface. The index i ranges t anions Det of the sacelana thodwh is
overthe asi orbtal,' wth he vluess, , px p. ands* o = 25.6%"1"'z Details of the calculational meth od, which isover the basis orbitals, s with the values s, p ,p,, p,, and s* bsdo h da fVg t t, jlasne t, n

(an excited-state orbital6 ); the position of an atom is de- base o.

noted by its unit cell R, and its site b in the cell, where b Allen et at. are available elsewhere.

denotes either anion or cation. The 01 (r - R - '6) are [ RESULTS
L6wdin orbitals centered on R + v. Electrons tunnel from
the tip to the ZnSe conduction band when the sample is bi- A. Perfect surface
ased positive; and we integrate from a = E, (the conduc- Th-. images calculated for the perfect relaxed (110) sur-
tion-band edge) to/3 = E, + E0, where En is typically 1 eV, face of ZnSe are given in Figs. I and 2 and, as expected, show
and add in the contribution from any empty deep levels in bumps at the Se and Zn sites, for negative and positive bias
the gap that lie within the range of the voltage sweep. A (of the sample with respect to the tip), respectively.
negatively biased ZnSe sample relative to the tip senses elec-

0o00 IX - ~ --

FIG. I. Predicted STM image I(x.v.) fora relaxed perfect ZnSe( 110) sur-
face \% ith a tip--arnple distance z = 5 a,,,,, under negative bias. Note that FIG. 2. Predicted STM image I(x.y.z) for a rela.\ee perfect ZnSe 110) sur.
the Se atoms are prominent. The units in the x- and y.-directions are A. face, under positive bias. Note that the Zn atoms are prominent.
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=Uo ,,. nu ai;u .j. .i, uuw; ual1111 tuiimeiing microscope images ..

0

EC

IFS ,,

ea (.) - ,

tip

FiG. 5. Predicted STM image I(x ,:) for a relaxed ZnSe( 110) surface with
FG. 3. Predicted STM image l(x,y,z) for a relaxed ZnSe( 110) surface with a Sez, defect at the origin, under negative bias such that the deep level lies in
a Zns, defect at the cross, under negative bias such that the deep leyf. is not the tunneling region (see the inset). Note the two peaks at adjacent Se sites.
in the tunneling region (see the inset). Note the depression.

B. Defective surface image are sensitive to the surface deep level structure and
depend on the sign of the bias Voltage.

The images of defective surfaces depend on the bias condi-

tions, band bending, and the Fermi energy. Here we discuss
sorie representative images. 2. Sez,

1. Z75. The Sez, antisite defect behaves somewhat differently

When the Zn on Se-site antisite defect, Zns,, is present at when imaged. The neutral surface defect has a doubly occu-
the surface, it produces an empty deep level, capable of con- pied deep level = 0.42 eV above the valence-band edge at the

taining two electrons, = 1.18 eV above the valence-band surface, which, when above the tip's Fermi energy, produces
maximum at the surface. Under negative bias, if the deep a two-peaked image-with the peaks at neighbors to the de-
level is unoccupied, electrons from the ZnSevalence band fect. (See Fig. 5.) This happens because the neighboring Se
produce a tunneling current and Zns, is visible as a slight atoms have rotated up out of the surface and are closer to the
depression at its site (Fig. 3). Under positive bias such that tip and because the efect's electronic state has an antibond-
the deep level is unoccupied but resonant with the tip's Fer- ing character, placing significant wave function amplitude
mi sea, two small peaks emerge at the sites adjacent to the
surface defect site (Fig. 4). The qualitative features of the

0

-s -S .

Ev

Znse (5ezn)
Iv. bi, (.)

FIG. 6. Predicted STM image I(x..y.z: r'r a relaxed ZiSe( 110) surface with
FtG. 4. Predicted STM image I(x.z) fora relaxed ZuSei I 10 surface with a Se,. defect at the origin x =.y = 0. uiidcr positive bias such that t!.e deep
aZn,. defect at the cross. under positive biassuch that tunneling into the lesel is not in the range oftunneling cnerg-.% (see the inset). Note the slight
deep level occurs (see the inset). Now the t.o ieak ot adjacent.Zn sites. depression at the defect site.
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on the neighboring atoms. Finally, a positive bias asinFig. 6 Permanent address.

leads to a slight depr~sgion atthe defect site-(Fig. 6). 'W. E. Packard. Y. Liang.N. Dai;J. D. Dow. R. Nicolaides. R. C. Jhklevic.
and W. J. Kaiser. J. Microsc.. Proc. Roy. Microcopicai Soc. (London)
23. Suppl. (in press).
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Dopin g Zn., _... MnjSe n type
Run-Di Hong and John D. Dow
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The standard n-itype dopant-Ga is predicted to change its character from a shallow donor to a.
'deep~ trap with increasing alloy composition x in Zn ,, Mn, Se. As a result, Ga-doped
Zn 1 -, Mn., Se alloys should be n type for very small x, but not for Mn-rich material.

ZnSe is a -wide band-gap Il-VI semiconductor that is nor,' .12-1 descends from the conduction band of GaAs 'into
rather easily duped n type,' but has been extremely difficult the gap with increasing x, much as Ga does in
to dopep type until recently.;-' the standard n dopant is Ga, Zn1 I-a Mn., Se. The DX center is technologically important
which occupies a cation site. In thit letter we considtr the Ga because it limits the fabrication' of high electron mobility
doping of Zn 1, .Mn!,Se alloys and predict that there exists transistors (HEMTs).
a critical value of the N4 composition x, x~, such that for The experimental evidence supporting the prediction of
X >x. Ga will not be a donor in Zn1 .. Mn.1Se and, hence, a Ga shallow-deep transition in Zn I, MnS is presently
will not dope Zn, 1-, Mn, Se n type. fragmentary and qualitative, Ga dopes ZnSe n type but Ga

Our predictions are based on the concept of a sha~llow- doping of Zn,1 -, Mn,, Se, even with only wioc~sc amounts of
deep transition in which a,; s-likeA41 symmetric "deep" level- Mn, has not yielded a significant number of carriers.'" Sys-
of Ga lies above the conducticn-band edge of ZnSe, donating tematic studies of Zn,1 - , Mn, Se alloys are needed to tes: thc
its extra electron to the conduction band (see Fig. 1). With picture presented here.
increasing alloy composition x, the conduction-barsd edge One possible way to test the theoryis to apply hydrostat-
moves up in energy with respect to the Ga.A1 deep level and ic pr.4ure to Ga-doped Zn, _- 1 Mn., Se and mo nitor the car-
passes through it, leavin.- the level as a trap in the gap capa- rier density. For pressures of 30 kbar, the conduction-ban..
ble of capturing a second electron of opposite spin (and re- edge should movel'6" above the Ga deep level for x > 0.07,
moving a carrier from the conduction band). causing an abrupt drop in the number of carriers.

The theoretical predictions for the energy of the Ga deep
I.-vel asa function of the Mr. concdritration xare given in Fig.
2, along with the conduction-band des eednc nx
Forx <x,, ,Ga is a donor and an n-type dopan -t, but forix > x,
neutral Ga is a deep trap. The theory is basically :he Hjal-
mar-con er al. theoryl of substitutional deep impurity levelsS-
modified' to account for the d states of Nln (which do not
play a significant role. because the spin-up d states lie well
below the valence-band maximum and the spin-down state.,sB
are well above the conduction-band edge'). The theoretical
uncertainty in the predicted deep level energy for the 11jal. ~~"
marson model is typically a few tenths of an electron vo~lt, ______

and so the predicted value of xr, = 0.09 may be uncertain by
about 0.05. Nevertheless, the Hjalmarson m~odel has a long I
history of successfully predicting chemical trends, and the "
qualitative dependence of the Ga levelon alloy composition________ _______

(Fig. 2) should certainly be obseryed; The major imnplica. IVaM 'IBm

tion of the prediction is that growing Mn-rich, Ga-dom'd, n-
type Zn, -, Mn1 Se should -be very diflicult, e ven thou-hZneG Z 0 M S:G
Ga-doped ZnSe itself is normally n type. Other column III neG o.h.S:a
dopants should exhibit this same behavibr. although x, will Donor Trap
be slightly larger by about 0.03-0.04 for the heavier atoms In(b
or Ta.

Such shallow-deep, transitions of deepn !vels are well FIG. 1. Schematic illustration of the shallow-deep transition of Ga in
known in semiconductors and profoundly alter the electrical Zn, . , Mn,,Se. (a) For x = 0. the Ga .4, symmetric deep level is resonant
orFnia .,eii a the hoFt. Prasthe best-studied with he conduction band. The extra eltictrnh aiviated with this columr.

~~pcicaII p~~eo ehp himpurity o acolumn Isite spills out vielandallsothcconduc-
case is X' i. 03aks. P P. which produces an isoelectronic mjnbnode oizn h a h potrnui of the ionized Ga
deep level in the gap for x > 0.2, but moves into the conduc- then binds the -Irc~ron i a hydrogem.2k donor str.: tat zero tern-
tion band forAs-rich-material.x < 0.2. ~"'This Nlevel plays perature). (b) Fo'r x >x. the deep,;--:i a n the funcarnictal band gap

an oninnt olein he lecroirniescnceof aA~ - with the conduction-band edge at hiciw.. energy. and th. .ieutrai Ga deep.
.hr. cne nA 1  a , i nte cs.T~ etr level contains one electron (circle) and onae hole (inaneie:. iiad can trap an

.hiceniser likely asoitdwt io iia o lectr." of opposite spin. depleting a car::r from the cmvduction band. The
whc-svr ieyascatdwt io iia o energy scale of this diagram is distorted for illustrative purposes.
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Thit quantum-well superlattices of GaAs and (GaAs) _x (ZnSe)x with ZnSe:
Possibility of band gaps in the blue-green
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University of Science and Technology of China. Hefei, Anhui, People's Republic oj China

(Received 13 March 1989; accepted for publication 12 July 1989,)

It is predicted that thin quantum-well superlattices or spike super'-ttices of GaAs in ZnSc will
produce band gaps in the yellow-green, and that (GaAs) - (ZnSe). spikes will lead to green
and blue-green gaps. These thin quantum-well structures should have better doping properties
than ZnSe for x < 0.6.

I. INTRODUCTION ZnSe parameters here to account for the determination- of
Diffraction-limited optical storage-on compact disks the (low-temperature) ZnSe band gap at F of 2.8 eV. 1 '14

has stimulated the quest for light emitters with short wave- The resulting band-gap, predictions for selected values of
lengths in the green-to-blue portion of the spectrum. The Nipik, and x, with Nz,,s, = 10, are given in Fig. 1. The gaps
semiconducting, materials most often considered for such are direct, with the superlatfice conduction-band minimum
applications are I1-VI compound semiconductors' and N- at the r point of the mini-Brillouin zone; the quantum well is
based III-V semiconductors, such as Inl _ , Ga, N.2 The N- Type I: The superlattice conduction- and valence-band
based III-V's are difficult to grow and dope, and have unde- edges lie at energies within the fundamental band gap of
sirable large shallow acceptor binding energies, whereas the ZnSe. Hence, the spikes should meet the conditions for lumi-
II-VI'-3enerally suffer from the "doping problem"; it has nescence: (i) the carriers will thermalize to the
been very difficult to dope most II-VI'sp type, with the ma- (GaAs) I_, (ZnSe), layers of the material; and (ii) elec-
jor exception being ZnTe, which resists n doping. While trons and holes will have the same wave vectors and there-
there have been some recent advances on the II-VI doping fore satisfy the crystal-momentum selection rule for recom-
problem,3 4 one cannot avoid wishing that a well-understood bination,
III-V semiconductor such as GaAs had a band gap in the Having a direct bandgap a necessary, but not suffi-
green or blue, a material that is dopable both n and p type, cient, condition for a semiconductive ligNt-emitting diode
and integratable in p-n junctions and artificial microstruc- material. In addition, the semiconductor must be dopable
tures. The purpose of this paper is to predict that thin GaAs both n andp type. This is not a problem in bulk GaAs, but is
layers or "spikes" embedded in ZnSe should have band gaps in ZnSe, which is difficult to dope p type. The cause of the p
in the yellow-green, and that interdiffusion of the GaAs doping problem in ZnSe is thought to be a distribution of
spikes with the ZnSe should increase the band gap to the deep hole traps within -0.3 eV of the valence-band maxi-
blue-green. Furthermore, we shall argue that the mum.'"Therefore, ifourspikesuperlatticesaretobedopedp
(GaAs) I _, (ZnSe), spikes for x < 0.6 will be largely free of type. those deep lc,'els must be covered up by the superlattice
the doping problems that have traditionally limited ZnSe vale-..e-band so that they cease trapping holes. To achieve
and other I-VI semiconductors. this, the superlattice must have its valence band maximum at

least 0.3 eV above the valence maximum of ZnSe (see Fig.
2). This implies normally that x must be less than 0.5 and the

II. BAND wells must have widths corresponding to Np,i, = 2 or more
Our approach is based on the theory of the electronic diatomic layers.

structure of superlattices and deep levels in superlattices. '  The energy band lineups are displayed in Fig. 3 for
We consider NPjkCNzSs [001] (GaAs),- (ZnSe.,)/ZnSe 1 X 10 GaAs/ZnSe. Note that most of the band offset is in
superlattices where Apj,, is small, typically less than 10, and the valence band, and that the energy of the conduction band
NzZs, is large, typically 10 or greater. (A I X 10 GaAs/ZnSe edge, when measured relative to the ZnSe valence-band edge
superlattice consists of one two-atom-thick layer of GaAs, (Fig. 2), is relatively independent of lay er thickness and al-
alternating with 10 layers of ZnSe.) The loy composition. Therefore, by altering the alloy composi-
(GaAs) , _, (ZnSe). is treated in the virtual crystal approxi- tion of the (GaAs) _., (ZnSe). we are, in effect, tuning the
mation.' These superlattices are, for all intents and pur- absolute valence-band energy. With this approach we can
poses, lattice matched; hence, their theoretical treatment is cover up deep levels that might otherwise trap 'ioles ad
the same as for GaAs/AlIGa. -As superlattices. -'0 The adversely affect *!., p doping of the material. Once covered,
GaAs/ZnSe valence-band offset has been measured to be any holes in the deep levels are autoionized and become car-
0.96 eV," and is assu~med to be a linear function-of alloy riers. This method for eliminating deep traps has been pro-
composition x. The parameters of the superlattice Hamilto- posed for doping ZnSe p type, and explains the relative ease
nian are known for GaAs and ZnSe, 12 but we update the with which ZnTe can be dopedp type (in contrast with most
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III. SUMMARY 3T. Yasuda, I. Mitsuishi, and H. Kukimoto, Appl. Phys. Lett. 52, 57
( 1988), and references thei'ein.

The theory presented here should be quite reliable. A "J. Nishizawa, K. Itoh. Y. Okuno, and F. Sakurai, J; Appl. Phys. 57, 2210
similar theory-of 1 X 1 GaAs/AlAs [001 ] superlattices pre- (1985).
dicted a band gap of 2.1 eV, in comparison with the experi- SS.,Y.,Ren, J. D. Dow, and J. Shen, Phys. Rev. B 38, !3677 (1988).
mental value of 2 eV.," Thus, the-band-gap predictions are S. Y: Ren and J. D. Dow, J. Appl.'Phys. 65, 1987 ( 1989).

'R.-D. Hong, D. W. Jenkins, S. Y. Ren, and J. D. Dow, Proc. Mater. Res.
likely to have'an uncertainty only of order 0. 1 eV. Soc. 77. 545 (1987).

Anothertheoretical study of GaAs/ZnSe [001 ] super- 'J. D: Dow, S. Y. Ren, and J. Shen, "Deep impurity levels in semiconduc-
lattices, based on our electronic structure model '2 (but with- tors, semiconductor alloys, and superlattices," NATO Advanced Science

out the new parameters' 4 ) has been presented,' 9 with similar Institutes Series B 183: Properties of Impurity States in Superlattice Semi-
conductors, edited by C. Y. Fong, P. Baira, and S. Ciraci (Plenum Press,

results to ours for x = 0. However, that~theory was directed New York, 1988). pp. 175-187.
toward the core exciton problem rather than short wave- 'H. P. Hjalmarson, P. Vogl, D. J: Wolford. and J. D. Dow, Ph'i. Rev. Let.

length light emission, and did not consider the possibility of 44,810 (1980); see also, W. Y. Hsu, J'.D. Dow, D. J. Wolrord, and B. G.
modifying the GaAs in order to achieve blue-green lumines- Streetman, Phys. Rev. B 16, 1597 (1977).

'Because the superlattice does not have a common anion, we use a slightly
cence. different treatment of interfacial off-diagonal matrix elements from that

We hope that these theoretical predictions will stimu- in Ref. 5 when the interface i between Zn and (As, -, Se, ) orbeiween Se

late efforts to grow ZnSe with GaAsspike quantum wells. and (Ga, .,Zn, ): The off-diagonal matrix elements are taken to be the
%x , averages ((1 + x)M(ZnSe) + (I - x)M(GaAs)1/2, where M(ZnSe)

While such growth will require great skill, it shbuld be feast- indicates the relevant (natrix element for bulk ZnSe.

ble. "S. P. Kowalczyk, E. A. Kr.ut, J. R. Waldrop, and R. W. Grant, J. Vac.
Finally, we note that even-larger band gaps should be Sci. Technol. 21, 482 (1962). Our results are not very sensitive to the

achievable with (GaAs) - (ZnSe) , spikes in precise value of the band o;fset: If the measured value of 0.96 eV were to be
increased by a small value c, then the band gap calculated in this paper forZn _y.Mn.Se.1°  a I X 10 GaAs/ZnSe superlattice would decrease by 0.02 e. Similar
changes are to be expected in the band gaps of superlattices with other
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We have used the pseudofunction method to compute self-consistent spifi-polarized energy bands
for La2CuO 4. Thi ground state is found to be semiconducting and antiferromagnetic (AF) with a
moment of 0.35,u5. The net moment restahing from the occupation bf 82 itinerant bands is localized
on the Cu atoms only. Our results agree with experiments in which La2CuO 4 is found to be semi-
conducting and AF with a moment on the Cu atoms of (. 35±0.05) z, (neutron scattering) or in the
range 0.21ig to O,6/,u (muon-spin resonance). Sr is found to produce holes on the-out of plane 0
contrary to the assumption used in many strong-correlation theories ofsuperconductivity.

The pseudofunction (PSF) method' with a local-density that the nonspherical part of the crystal potential need be
potential 2 has been successfully used to compute spin- expanded'in at l:ast 15 625,plane waves to obtain the AF
polarized energy bands for Ni and MnTe.3 The good ground state We believe this to be the key to the
agreement with experiment encouraged the use of this differences with other methods.
'method for the new superconducting materials such as There are many proposals of superconductivity based
Sr-doped La2CuO 4, hereby denoted in short as (2:1:4). In on the coupling via, magnetic excitations both local and
this paper, we present self-consistent spin-polarized nonlocal. Such theories ofsuperconductivity are well do.
local-density energy-band results for pure and Sr-doped cumented6 in the literature and will not be referenced
2:1:4. The ground-state energy bands are semiconducting here. We will only point out-that we find the d 2 band to
and antiferromagnetic (AF) with a moment of 0 .3 5/YB on be at the Fermi energy as postulated by Lee and Ihm.,
the Cu atoms. One Cu-O hybrid state is split off by the They accounted for superconductivity with a two-band
AF correlation to give a semiconductor. The moment is model (broad band and narrow &2 band) which we find to
nonintegral because of the strong hybridization between be appropriate. A more detailed two-band modela using
0 and Cu at the Fermi surface. A magnetic ground state local densities of states from the band theory for the
is found to be stable even in the metallic state when Sr is broad'Cu-Q band and a Cu-0 band in the z direction can
substituted for La.. For example, an AF state with a mo- ph?0 omenologicafly account for the magnetic and super-
ment of 0.09y8 is obtained when half"of thle La atoms are conducting properties of pure and doped 2:1:4.
replaced by Sr atoms. Thus, contrary to widespread be- The spin-polarized PSF method has been tested for fer-
lief, band theory quantitatively accounts for the magnetic romagnetic Ni and antiferromagnetic MnTe.3 The re-
properties of 2:1:4 and suggests that the magnetic state is suits for Ni agree with those in the literature. For MnTa,
not observed in doped samples as the disorder overcomes we find the antiferromagneticostate to be more stable than
the magnetic order. the ferromagnetic state in agreement with experiment.

The spin-polarized band model with a local-density po- Calculations for MnTe with the linearized augmented
tential has been used by several investigitors to attempt plane-wave (LAPW) method9 also find that the antiferro-
an understanding of the AF and semiconducting behavior magnetic state is more stable than. the ferromagnetic
of 2:1:4. These spin-polarized calculatibns with other state. K on Si is another example of success for the PSF
methods find the ground state to be nonmagnetic and me- method. The PSF method predicted the K-Si bond
tallic contrary to experiment. We believe the reason that length to be 3.3 A (Ref. 10) whereas the pseudopotential
these attempts did not yield the correct ground state is method predicted the bond length to be 2.59 A. Subse-
that the bands at E1 are too broad. Specifically, for non- quent, surface-extended x-ray-absorption fine-structure
magnetic calculations, the 2:l:4"bands are doubly- degen- (SEXAFS) "experiment.s12 give .a bond length of 3.15 A
erate on the hexagonal face of thiorthorhombic unit cell. which is very similar to the P.SF result.
Semiconductivity can be obtained only when this degen- The PSF method has a local-orbital basis set employing
eracy is lifted. These bands are only 0.17-eV wide for the'- the full potential icluding the.core-states (see the Appen-
PSF method.5 The other techniques find these bands to dix for details). The computation is done in Fourier
be approximately 0.5-eV wide. Thus, the magnetic corre- space for computational efficiency just as the time-
lation needed to split a 0.5-eV-wide band is far stronger consuming. parts of. matrix element, evaluation is done
than that needed for a 0.17-eV band. Finally, we show with the fast Fourier transform. Fhr 7 -- tI.... :
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is expanded in 15'625-planewaves. :The.very acctirateex,..,; been ,redone, in 'entirety; with a .general set .of eight k
pansion of the potential is essential in obtaining the 0.17- points. The moment is unchanged to ±0.0114B and the
eV-wide band at, the' Fermi energy. A less accurate po- . bands are virtually identical.
tential gives broader,bandsA Nines, p, and d basis func- In Fig. I, the spin-polarihed bands near are plotted
tions were used on the La and Cu atoms with sp sets on, for 2:1:4. The band gap between filled and empty states
the 0 atoms. The basis functions are continually charged varies from approximately 2 eV at r to 0.06 eV on the
during iteration to self-consistency in order to optimize ' hexagonal face. The bands are relatively flat in the Z
the description of the charge density.. Identical results direction because of the layered structure and are not
are obtained whether or not* the. 0 atoms were started shown. For-the hexagonal face, the bands are narrow
with a spin state. The calculation was first brought to and doubly degenerate for a self-consistent field (SCF)
self-consistency, vith only 'a'siigle K point in "the itera'- non-spin-polarized calculations.$ For spin-polarized
tion. A four-point sa'mnle was'next uied." The final itcra- bands, the' gap varies from 0.35 'eV 'at X and M to 0.06
tions were done with eight k poifits. The average devia- along the M to N and N to S directions. The necessity
tion in the potential between the input and output poten- that bands be narrow on this hexagonal face thus be-
tial at 10% mixing was 1.1 mRy, with a maximum devia- comes obvious since the spin effect which gives the semi-
tion of 7 mRy. The moment of the Cu sites increased by conducting gap varies from 0.35 to 0.06 eV. This band is
about 0.021LB on going from a four-point sampli' to an 0.17-eV wide for the PSF method 5 and approximately 0.5
eight-point sample. Subsequently, the calculations have eV for other methods. 4 At internal points of the Bril-
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FIG. 1. Sin-polarized energy bands near the Fermi energy for (a) LaICUO4 and (b) LaSrCUO 4.
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louin zone, the gap, is large. This gap existed. even for amount of chargewithin the Cu sphere (R=0.98 A), La
non-spin-polarized energy 'bands. -Thus, the spin- sphere (R=1.49 A), afid'O.sphere,(R=0.86 A) is tabu-
polarization effect is only opening a gap at a small per- lated for spin-up and. spin-down bands for both the pure
centage of the points within the Brillouin. zone. An ap- and doped 2:1:4. The 0 atoms are labeled according to
proximate measure of the number of points at which anti- the- type of coplanar metal atom. For 2:1:4, the first Cu
ferromagnetism opens a gap is a skin depth on the hexag- atom has a net spin down of 0.35 electrons (4.33-4.69).
onal face divided by the volume which, would be a small The 0 atoms are identical in spin density indicating that
number. This is probably a unique feature of the layered the spin is localized to the Cu atom. Even though the
Cu-0 materials because the number of electrons is impor- band picture is an itinerhnt picture, moments localized to
tant. : - the metal atoms are obtained. For:25% Sr doping, the

The indirect gap in Fig. 1(a) is as little as 0.01 eV. We moments on the Cu are 0.3 514B and 0. 3 21iB, which is indi-
were concerned that if the indirect gap were less than cative of small ferrimagnetism. At 50% doping, mo-
zero and a metallic state was obtained, the moment on ments of 0.09L B are obtained on the Cu atoms with anti-
the Cu atoms might become zero. Thus, the bands- were ferromagnetic behavior. The 0 atoms within the Cu-O
iterated tr SCF with an extremely poor sampling of k basal plane do not have a moment at any level of Sr dop-
space using the points S, L, N, M, and X. The 16nds ing. For 25% Sr, the 0 atoms adjacent to the Sr and
remain essentially unchanged except that the bands at L Cu(2) develops a small moment of 0.061LB. Thus, the mo-
overlap the bands at N by 0.03 eV to give a, metal. The ment on the Cu atoms will remain at a large value for Sr
moment on the Cu atoms increases to 0 .3 9AB. This result doping up to 25% with a slow decrease at higher levels.
indicates that our moment is not sensitive to small The 0 atoms may also participate depending on the dop-
changes in band structure which produce. metallic over- ing level. I

lap. Alternatively, we believe nesting does not have to be Spin-polarized energy bands calculated for LaSrCuO4
exact to obtain the magnetic ground state as would occur are shown in Fig. 1(b). The bands are quite similar in ap-
at small Sr-dopant concentrations. Since band theory pearance to those for pure 2:1:4. Because one-half of a
cannot be performed for small' deviations from band has been depopulated, the Fermi energy falls in the
stoichiometry, we suggest that the above computations middle of the Cu-0 band associated with the d. 2 orbital
for a metallic state suggest that the antiferromagnetic and 0 perpendicular to the plane.
state is stable for small dopant concentrations. Small Evidence for both spin and charge fluctuations via the
dopant concentrations of Sr probably would- not yield a apex 0 can be found in Table I. As the charge density
metallic state because of the narrow bands at E/ and and net spin on the 0 atoms in the base are independent
small overlap between carriers. Disorder would also of Sr content, we conclude that the basal 0 atoms do not
create a mobility gap at low carrier concentrations. participate in fluctuations. First, we consider fluctua-

It is important to understand the magnetic behavior as tions for 25% doping since this is closer to experiment at
a function of Sr doping. The optimal superconducting 0.15 Sr. Pure 2:1:4 has a charge of 9.03 (4.34+4.69) on
transition temperature is observed at the large doping the Cu atoms and 2.62 on all 0. For 25% Sr, the net
level of 0.15 Sr. Calculations have been performed on charge on Cu atoms is reduced to 8.98 electrons, an in-
2:1:4 where one-fourth and one-half of the La atoms are crease in Cu valence of 0.05 electrons. The O(La) and
substituted by Sr. The dependence of the magnetic mo- O(Sr) have moments of 0 .06B by reducing its spin-up
ment as a function of Sr is thus obtained, character by 0.06 e. One could envision fluctuations

The AF moment is obtained by integrating over all among the O(La) and O(Sr) atoms via bands at Ef that Sr
spheres. A value of 0 .3 5AB is obtained. An important has caused to be depopulated. Fluctuations require emp-
understanding can be obtained by computing the charge ty states near Ef. Table I shows these states to exist on
within spheres about the different sites. In Table I, the the out of plane 0.

TABLE I. Partial charge densities. The arrow indicates the spin direction.

La 2CuO 4- - - - - - -  . - La1.5Sro.SCuO 4  LaSrCuO4

Cu1  4.34 4.69 Cu1  4.31 4.67 Cu i  4.33 4.42
CuZ 4.69 4.34 CuZ 4.66 4.34 Cu' '4.66 -, 4.57
La 0.46 0.46 La - . 0.46 0.46 La 0.45 0.45
La 0.46. 0.46 La - 0.44 0.44 La --- "' "0.45 0.45
La 0.46 0.46 La 0.45 0.45 . La .. - 0.33' 0.33
La 0.46 0.46 Sr 0.34 0.34 Sri..: .. ' r0.33 " . 0.33
O (base) 262 ...... 2.62 0.... " 0 (base) 2.61 2.62 ' -O(base)a'. 2.61. 2.61
o (base) 2.62 2.62 .. O(base) 2.61 2.62 O'(base).. 2.61 2.61
o (La) .. 2.62 2.62 - - 0.(La) 2.56 2.62 0 (Sr) ',,2.49 2.49
O (La) 2.62 2.62 0 (Sr) 2.56 2.62 ": .0 (Sr) - .2.49 .2.49

O (La) 2.62 2.62 0 (La) 2.61 2.57 0 (La) 2.64 2.64
0 (La) 2.62 _2.62. . 0 (La) 2.62 2.60 0 (La) 2.64 2.64
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A similar picture is obtained for. 50% Sr doping. The No AF ground state was obtained when the potential was
net charge on the Cu sites is 8.75 (4.33+4.42) on Cu(1) expanded with 4913 or 9261 plane waves. An AF ground
and 9.23 (4.66+4.57) on Cu(2) as compared to 9.03 state was found for 24389 plane waves. This calculation
(4.34+4.69). Another important feature of Table I is was not. run to SCF due to extreme computer cost. The
that the 0 that is the nearest neighbor of Sr losses 0.13 moment was 0.3 11LB and increasing when the job was ter-
electrons (2.62-2.49) within its sphere. This 0 is also minated. Since the number of basis functions was con-
bonded to the Cu that loses 0.22 (8.98-8.75) electrons stant, the representation of the potential is critical.
within its spheres. Thus, the Sr doping, at least at this There are other interpretations of the AF state of 2:1:4.
level, causes a hole to form on the Cu-O bond that is the The resonating valence bond picture16 assumes a spin of
nearest neighbor to the Sr atom. Similar but less dramat- S=0.5 on the Cu sites. An alternative strong-correlation
ic results occur for 25% doping. This simply reflects that picture 7 is that doping produces holes of spin 0.5 on the
the band at the Fermi energy is composed mostly of the 0 sites in the plane. These local moment theories claim
Cu-O character in the z direction, not the planar direc- to account for much of the data but with adjustable pa-
tions. rameters. Clearly a fundamental assumption is that Sr

-- The difference between the 25% and 50% behavior is doping produces holes on the 0 sites within the Cu-O
related to how the Sr is substituted for La. For 25%, the plane. Our energy-band results would place holes in the
Sr is substituted only on one side of the Cu-O plane. For plane only for low doping levels. For larger values of
50%, the Sr is placed symmetrically above and below the doping as in the superconducting region, our energy-band
plane. results show holes on the 0 in the La plane not the Cu-O

For very low levels of doping, a rigid-band model indi- plane.
cates that only bands on the hexagonal face would be Spin and charge fluctuations have been mentioned as a
depopulated and these have very important contributions possible mechanism for superconductivity. Our band-
from Cu-O bonds within the plane of Cu-O. Thus, at low theory picture irticates a substantial coupling between
levels of doping, states on the hexagonal face are depopu- planes via the 0 holes. Fluctuations within the plane can
lated and holes would be observed in the Cu-O plane. At occur as a result of the fluctuations on the 0. These fluc-
large dopant levels of 15%, we would predict that the tuations produce an attractive pairing interaction leading
holes are in the Cu-O bond perpendicular to the plane. to a T, =280 K for 0.15 Sr doping of 2:1:4. 18 An impor-
The exact spatial distribution would depend on the sym- tant feature of our band results is the capability of cou-
metry of Sr dopants relative to the plane. pling within and between planes.

It is well established experimentally that 2:1:4 is anti- To support our claim that the width of the bands at Ef
ferromagnetic with semiconducting behavior. 13 Substitu- are sensitive to how well the potential is represented, a
tion of Sr for La leads to superconductivity. Neutron comparison is made for two different representations of
studies" indicate that the N~el state is destroyed by dop- the potential with the wave functions remaining identical.
ing and that the spin-spin correlation length is reduced Figure 2 shows the narrow band for 4913 and 15356
from 35 to 8 A as the Sr concentration is varied from
0.02 to 0.18. More importantly, the local order is found
to be the same for the doped and pure 2:1:4. Thus, it is
stated 14 that no important differences in magnetic scatter-
ing were found in the normal and superconducting states.
It is important to note that the interpretation of the neu-
tron data is that doping affects the spin-spin correlations
leaving the moment essentially unchanged from that of
the pure state. Birgeneau et al. 14 caution that an unam- 5
biguous interpretation will require samples where the W 0
Meissner fraction far exceeds the 15% observed in the
currently available samples. Birgeneau et al. also indi-
cate that there are unexplained differences between sam- .1

pies.
Our calculations are in agreement with the above pic-

ture. A moment localized to the Cu atoms is obtained
theoretically. This moment is practically unchanged up
to a Sr concentration of 25%. We can similarly claim
randomly placed Sr will disorder the moments. Our com-
puted moment of 0.351i8 is quite similar to the experi-
mental value from neutron [(0.35±0.05)1iB (Ref. 15(b)) WU

and muon-spin resonance ((0. 2 -0. 6 )0a ]. ,"(a) It is certain 0

that the moment is much less than 1.0A8 which would be
obtained for spin 0.5. ____N___L

Finally, whether or not the antiferromagnetic ground P M H s .
state is obtained is closely related to the number of plane FIG. 2. Non-spin-polarized energy bands at E- for 4913 and
waves with which the nonspherical potential is expanded. 15 356 plane waves in potential.
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plane waves in the potential, respectively. The band is atmJtr(kl,r. ) +bbnlm jlm (k 2 , ), r<Ri,
narrow if the potential has many plane waves. Only the
band at Ef has been included for clarity. The band for OpPSFi,,= Nm (O(E, r,,) + a)m n, (E, rn)), R in <r <Rout

4913 plane waves is similar to that in the linear muffin-tin/[_Ktm (k,r,), Rout < r
orbital (LMTO) calculations. The agreement cannot be
exact because the LMTO calculation relies on the ap- The parameters com and Nm are chosen for continuity of
proximation of overlapping spheres and the PSF calcula- the function and its radial derivative at Rout. The Neu-
tion relies on truncating the potential to 4913 plane man function Km has an energy parameter of -0.3 Ry.
waves. In further support of the accuracy of the PSF Within the distance R, the parameters a,, and bnim are
method, previously we have shown that the correct ther- also chosen for continuity of the PSF function at Rin.
modynamic properties are computed for bulk Si (Ref. 19) The energies for the Bessel functions Jlm are k2=0.1 Ry
and that the correct bond length can be computed for a and k =0.2 Ry. The above procedure is followed for the
CO molecule.' We have also computed the correct sur-COolecule.' We have as, p, and d orbitals on the La and Cu sites and the s and p
faceorbitals on the sites. The results are not sensitive to

In summary, the itinerant energy-band model yields a the choice of encrgy parameters k a and k2 within the ra-

band structure which has a moment of approximntely the dius R of. The tail-parameter energy -0.3 Ry is the re-

correct magnitude on the Cu site. Calculations for Sr si f c ainsaonm derent s yse s the re-

doping support the notion of spin or charge fluctuations sult of calculations on many different systems. The resul-

on the Cu and 0 sites. No evidence for localized holes of tant energy bands are not very sensitive to the tail param-

spin 0.5 on the planar 0 sites is obtained. Our results eter if a value near -0.3 Ry is used. The above-defined
support the interpretation put forth by Birgeneau et a PSF orbitals are smooth throughout space thus enabling

that Sr disorders long-range spin-spin correlations leav- straightforward Fourier transforms as previously shown,
ing the local Cu moment relatively unchanged. The criterion for the number of plane waves in the trans-

form of the PSF orbitals is that RMT times the maximum

ACIR OWLFnA..MENTS reciprocal-lattice vector be 7.0 in the three reciprocal-
space directions thus defining a polyhedron in reciprocal

We wish to thank W. Y. Hsu, S. T. Chui, and A. Ra- space instead ofa sphere.
jagopal for helpful discussions. The PSF orbitals are now defined by a linear combina-

tion of plane waves. The PSF orbitals are orthogonalized
APPENDIX to the core states by augmentation as in the LAPW

method. The solution of the Hamiltonian is fully de-
The PSF method has been described in detail' with ap- scribed in Ref. I and is not repeated here. The charge

plication to CO and Si. Here, we will provide an outline density is in terms of spherically symmetric parts within
of the method and all information that would be required the muffin tins and a Fourier series representing the non-
to repeat our calculations. The unit-cell parameters and spherical contribution. This plane-wave sum contains ap-
atom positions have been determined by Jorgenson ei al. proximately eight times the number of plane waves in the
The unit cell is divided into muffin-tin and interstitial re- wave function.
zions. The muffin-tin radii RMT are 2.81 a.u. for La, 1.84 The self-consistency loop follows that of the standard
a.u. for Cu. and 1.62 a.u. for 0. The potential is d'tided band theory. The charge density is used to define a new
intu spherically symmetric potentials within the a, ffin potential which is mixed with the old potential. New
tins and a nonspherical potential that extends througlout PSF orbituls are constructed and the Hamiltonian is
the unit cell including the spheres. To form thc PSF solved again until the input and output potentials are the
%Na~e functions, we construct linearized muffin-tit orbit- same to a small deviation. The PSF orbitals change as
als exactl% as in the LMTO or LAPW methods usi rig the one iterates to self-consistency. The PSF orbital molds to
radial solutions 'P and .d. 4' is the energy derivati,. e of 0, the charge density and changes as the charge density
the solution of the muffin-tin potential for a given energy. changes especially in the bond formation region between
The energy parameter is chosen to be an average band en- atoms. The applications described here and in Ref. 1 in-
ergy as in the linearized methods. dicate that the plane number waves in the potential is vi-

Beyond this point, the PSF method differs from other tally important for computation of properties. This
methods. First, we define two new radii Rn and Fot for dependence is shown in detail for a CO molecule.' In
all the muffin tins. R in is chosen to be 0.95 RMT. Iout is this paper we have shown that a bandwidth similar to
chosen to be 1.25 RMr. The PSF wave function at site n that for other methods is obtained for a small number of
for angular momentum Im is now defined as plane waves.
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